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Chapter 1: Introduction
1. GENERAL INTRODUCTION
Seagrasses are marine angiosperms that occur in shallow coastal waters, ranging from the lower 
intertidal zone until a depth of approximately 40 m. They are distributed world-wide and grow on 
various types of substrate. Seagrasses are separated in a group of 5 genera that are more or less 
confined to temperate seas and a group of 7 genera that are characteristic for tropical seas. The 
tropical seagrasses are found in two areas: the Caribbean-Pacific Central American area (4 genera) 
and the Indo-West Pacific area (all 7 genera) (Den Hartog, 1970).
It is generally acknowledged that seagrass beds have an important function in coastal seas. With 
their extensive root-rhizome system and often well-developed canopy they prevent coastal erosion 
and form a zone for deposition of sediment and organic particles (Phillips, 1978; Fonseca and 
Fischer, 1986; Fonseca, 1989). In tropical seas they thus may be important for reducing siltation of 
adjacent coral reefs. They rank among the most productive submerged aquatic systems and support 
complex trophic food webs, while their canopy is of considerable importance as habitat and nursery 
for many fish and crustacean species (several of economic importance; Zieman and Wetzel, 1980; 
Larkum and West, 1983; Bell and Pollard, 1989; Hillman et al., 1989). Unsustainable use of coastal 
resources, however, has put coastal areas world-wide under substantial pressure, which has resulted 
in an ongoing decline of seagrass habitat (Thayer et al., 1975a; Harlin et al., 1982; Kemp et al., 
1983; Cambridge and McComb, 1984; Livingston, 1984; Giesen et al., 1990; Larkum and West, 
1990).
Southeast Asia is a densely populated area comprising thousands of islands. The region has an 
extremely long coastline suitable for seagrass beds. A significant threat to seagrass ecosystems in 
this region of the world is the uncontrolled economic development of the coastal zone, which results 
in over-exploitation and pollution of this area and in the destruction of seagrass habitat (Thayer et 
al., 1975a; Fortes, 1988). Little, however, is known about the Southeast Asian seagrasses. Most 
information on tropical seagrasses comes from the new world, despite the fact that the Indo-West 
Pacific area is much richer in species. Only during the last decade, information has been gathered 
from the Indo-West Pacific (cf. Brouns and Heijs, 1986a; Lindeboom and Sandee, 1989; Nienhuis et 
al., 1989; Erftemeijer, 1993, Duarte et al., 1994; Hemminga et al., 1994a; 1995; Vermaat et al., 
1995; Agawin et al., 1996). The limited amount of currently available information necessitates a 
scientific effort to increase our knowledge on coastal (seagrass) ecosystems in a region of the world 
where the environmental pressures due to human activities rapidly increase.
This PhD thesis is part of an Indonesian-Dutch cooperative research programme, executed in the 
Spermonde Archipelago, South Sulawesi. This so-called Buginesia programme, which involves 
several scientific disciplines, is supported by the Netherlands Foundation for the Advancement of 
Tropical Research. From 1980 until 1992, research was done on the geology and morphogenesis of 
the area, on the zonation and diversity of scleractinia (corals), on systematics and ecology of 
mushroom corals, on aspects of taxonomy, floristics and ecology of marine reef plants, and on 
factors limiting growth and production of tropical seagrasses (PhD theses by De Klerk, 1983; Moll, 
1984; Hoeksema, 1990; Verheij, 1993 and Erftemeijer, 1993, respectively). In addition, a
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substantial number of Indonesian and Dutch graduate students and other participants provided 
information on a wide range of related subjects.
The starting point for the seagrass research presented in this thesis is formed by information that 
has been gathered during the last decade on seagrass meadows in Indonesia (Lindeboom and 
Sandee, 1989; Nienhuis et al, 1989; Erftemeijer, 1993) and Papua New Guinea (Brouns and Heijs, 
1986a). These studies provided information on structural and functional aspects of Southeast Asian 
seagrass meadows. It appears that production and consumption processes in these systems are well 
balanced. Accumulation of detritus in and on the sediment does not occur. The nutrient (N and P) 
concentrations in the water column above the seagrass beds are very low and exchange of organic 
matter seems a process of little significance. Yet, in situ enrichment experiments did not 
demonstrate nutrient limitation of seagrass growth. These findings have led to the hypothesis that 
tropical seagrass meadows are self-sustaining systems in which most nutrients are captured in the 
large seagrass biomass and are efficiently recycled within the system (Nienhuis et al., 1989). This 
would be remarkable, however, in view of the dynamic environment of these systems. Seagrass beds 
are open systems and the conditions of their habitat may lead to nutrient losses. The potentially 
relevant processes in this respect are: export of detached leaves and leaf fragments, herbivory, 
diffusion from the sediment, exudation and leaching from living and decomposing plant material, 
and, as far as nitrogen is concerned, denitrification. The persistence of seagrass meadows, therefore, 
will depend on mechanisms that replenish these lost nutrients, such as sedimentation of organic 
matter, nutrient uptake by leaves and N2-fixation (Hemminga et al., 1991). However, in contrast to 
the nutrient supply to coastal seagrass beds, an external nutrient supply to seagrass beds at the reef 
flats of the numerous isolated off-shore coral islands in the Indonesian waters is often not self 
evident. These islands may be considered as oases in the middle of extensive ‘nutrient deserts’. 
Erftemeijer (1993) examined in his thesis the factors limiting growth and production of Indonesian 
seagrasses. On the basis of his data he hypothesised that nutrient uptake by leaves is probably 
limited for coral island seagrasses and that internal recycling of nutrients, therefore, might be of 
considerable importance. In order to test the presumptions of Erftemeijer (1993) and the self- 
sustaining hypothesis of Nienhuis et al. (1989), I gathered data on processes contributing to nutrient 
losses and on mechanisms of nutrient acquisition and conservation in Indonesian seagrass beds.
The present thesis describes the results of field work (February 1992 - May 1994) that was 
carried out in the Spermonde Archipelago off the west coast of South Sulawesi, Indonesia (Fig 1.1). 
Several aspects of the nutrient balance in tropical (off-shore) seagrass systems were examined and 
some issues that have so far received little attention were addressed.
The first part of the thesis deals with the dynamics of nutrients associated with various types of 
leaf loss processes and their effect on the nutrient balance of the meadow. In chapter 2, the export of 
particulate seagrass material from a seagrass-covered reef flat of an off-shore coral island is 
estimated. Chapter 3 shows the deleterious effect of leaf desiccation caused by seasonal emergence 
during daylight and discusses its consequences for the nutrient status of a seagrass bed. Chapter 4 
addresses the role of alpheid shrimps in seagrass leaf harvesting and in the burial of leaf fragments.
The second part of the thesis is a more detailed study of the physiology of seagrasses as related to 
nutrient dynamics. It has been hypothesised that tropical seagrasses living in nutrient-poor 
environments have developed mechanisms for an efficient utilisation of the available nutrient pools,
6
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Fig 1.1. The Spermonde Archipelago along the west coast of South Sulawesi, showing research locations, islands and 
submerged reefs (dashed spots). Dashed line: shelf edge (200 m). Inset: Indonesian Archipelago
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such as nutrient resorption and nutrient uptake by leaves (Hemminga et al, 1991; Pedersen and 
Borum, 1992). A large body of literature on nutrient resorption is available for terrestrial plants. In 
contrast, only a few studies have addressed nutrient resorption in seagrasses (Pedersen and Borum, 
1992, 1993; Alcoverro, 1995). In chapter 5, I present figures on nutrient resorption efficiency for a 
wide range of seagrass species from different (tropical, Mediterranean, temperate) climatic regions.
Leaves and roots of seagrasses are both capable of absorbing nutrients. Uptake from the water 
column may be an important mechanism to replenish lost nutrients from external pools. Uptake by 
leaves may also be important for recapturing of nutrients released into the water column during 
decay of seagrass litter or after diffusion from the sediment, thereby contributing to nutrient 
conservation within the seagrass bed (Hemminga et al., 1991). No observations have been made 
previously on the uptake by leaves of tropical seagrass species. Chapter 6 deals with the nutrient 
uptake by leaves and roots of Thalassia hemprichii. It discusses the capabilities and limitations of 
this seagrass to absorb nutrients from different pools.
Chapter 7 describes the cycling of nitrogen in a Thalassia hemprichii seagrass system. Using 15N 
as tracer, the retention and loss of the systems’ nitrogen are examined. No studies have been done 
previously on the nitrogen retention in seagrass ecosystems using 15N-tracer techniques. A nitrogen 
balance for a square meter of seagrass bed is produced by combining the observed 15N-dynamics 
with data on leaf turnover, nitrogen demand and litter decomposition rates.
In chapter 8, I summarise the main results of this thesis. This chapter provides an integral 
discussion of the relative importance of each of the studied processes in the nitrogen and 
phosphorus balance of tropical (off-shore) seagrass beds.
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2. Initial estimates of the export of leaf litter from a seagrass bed in 
the Spermonde Archipelago, South Sulawesi, Indonesia
Johan Stapela, Rebi Nijboerb and Bas Philipsenb
ABSTRACT
The export of carbon (C), nitrogen (N) and phosphorus (P), as leaf litter from a multi-species 
seagrass system surrounding a coral island in the Spermonde Archipelago, Indonesia, was investigated. 
Leaf litter was exported to the beach and beyond the reef edge; the exported litter was equal to 11.6% of 
the total seagrass leaf biomass produced and represented 10.3% of C, 10.3% of N and 5.2% of P, 
incorporated by leaf production. Cymodocea rotundata showed the highest export rate: 10.7% of the 
produced above ground biomass was exported to the beach and 24.8% was exported beyond the reef 
edge. For Enhalus acoroides and Thalassia hemprichii these values were 0.4% and 3.4% (export to the 
beach) and 1.2% and 19.5% (export beyond the reef edge), respectively. Thalassia hemprichii 
contributed most to the total export in terms of dry weight: 121 kg d-1, compared to 9.61 and 7.20 kg d-1 
for Enhalus acoroides and Cymodocea rotundata. Other seagrass species contributed little to the export 
processes.
"Netherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
bCatholic University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
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INTRODUCTION
The open, dynamic habitat of seagrass beds (shallow coastal waters) may imply substantial interactions 
with adjacent systems in terms of exchange of organic matter and nutrients (Thayer et al., 1975b; McRoy 
and Helfferich, 1977; Heck and Orth, 1980; Virnstein, 1987). Studies concerning export of seagrass leaves 
have assessed the export of seagrass litter to submarine canyons (Josselyn et al., 1983), to the deep-sea 
(Moore, 1963; Menzies et al., 1967; Wolff, 1976) or to the shore (Pellikaan and Nienhuis, 1988; 
Hemminga and Nieuwenhuize, 1990, 1991). Export rates varied between 1 and 100 % of the produced 
biomass (Greenway, 1976; Thayer et al., 1975b; Kirkman and Reid, 1979; Zieman et al., 1979; Bach ef 
al., 1986; Fry and Virnstein 1988). None of these studies addressed a situation that is common in the 
tropics: seagrass beds growing on the reef flat of small coral islands. These islands are located away from 
important nutrient input sources such as rivers. The reef flats are constantly flushed with low nutrient, 
clear oceanic water. The few available data on tropical Indo-West Pacific seagrasses indicate that no 
accumulation of detritus in the sediment occurs. The concentration of inorganic nutrients and seston in the 
water column above the seagrass beds is low. Leaf biomass generally accounts for the major part of the 
seagrass production (Brouns and Heijs, 1986b; Lindeboom and Sandee, 1989; Nienhuis et al, 1989; 
Erftemeijer, 1994; Erftemeijer et al., 1993a). Dead or sloughed leaves and leaf fragments are released into 
the water column. The water currents may transport the litter away from the meadow, resulting in nutrient 
impoverishment of the seagrass system. Hence, litter export may have consequences for the nutrient 
balance. In seagrass meadows where nutrient availability is limited, the extent of litter export may 
determine the dependence on compensating nutrient input processes.
A short term (3 months) study was executed to estimate the total export of seagrass leaf litter from a 
multi-species seagrass system surrounding a coral island in the Spermonde Archipelago, South Sulawesi, 
Indonesia. We aimed to quantify this export as a percentage of the total above ground dry weight 
production and of the incorporation of carbon, nitrogen and phosphorus of three different species: 
Enhalus acoroides (L.f.), Thalassia hemprichii (Ehrenb.) Aschers. and Cymodocea rotundata Ehrenb. & 
Hempr. ex Aschers. These species account for almost 100% of the biomass of the total seagrass bed.
MATERIALS AND METHODS
Study area
The study was carried out in the period October - December 1994 on the reef flat of Langkai island, an 
island on the shelf edge of the Spermonde Archipelago, Indonesia, approximately 40 km west off the coast 
of South Sulawesi (5°01’S; 119°06’E; Fig 1.1). An extensive multi-species seagrass meadow covered the 
reef flat, which consisted of coarse carbonate sand and coral rubble (93-100% CaCO3; Erftemeijer, 1994). 
The surface area of the total system (reef flat + island) was 124 hectares. The reef flat had a surface area 
of 100 hectares; seagrasses on the reef flat covered 67 hectares (Fig 2.1).
Mapping
A transect survey technique (using a compass and trigonometry) was used to map the island and the 
reef flat around it; at 80 locations on the reef flat where a significant change in vegetation density or 
composition was observed, the density was estimated as percentage cover of each species. Using a 
Geographical Information System (GIS) programme, a map was produced; the surface area of the island, 
its reef flat and the area covered by different seagrass species, were calculated. The density of each species
10
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was classified in categories indicating percentage cover (0 - 10%, 10 - 20%, etc.; Figs 2.1 and 2.2). 
Determinations of the percentage cover, shoot density and leaf biomass (see below), were used to estimate 
total leaf biomass.
Water movements
During two 24 h cycles (during spring tide and during neap tide) current directions and velocities were 
measured every two hours. Measurements were carried out at six locations on the reef flat, 25 m off the 
beach (Fig 2.1). An opaque bottle filled with sea water was attached to a pole with a thin 4 m long rope. 
At the start of a velocity measurement, the bottle was released in the water column, next to the pole. The 
time it took for the bottle to float 4 m away from the pole was registered. This procedure was repeated at 
least three times. The current direction was then read from a compass.
N
A
Fig 2.1. Langkai island, its reef flat an the total seagrass covered area. Indicated are the reef edge and the seagrass 
vegetation border and locations of: net deployment (■); beaching measurements (▲); biomass samples (•); current 
flow measurements (▼); seagrass cover estimations (+). Arrows indicate the dominant current direction
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Seagrass density, biomass and production
Seagrass samples were collected at seven locations on the reef flat, each within a dominant vegetation 
type (Fig 2.1). At each location, three random samples (0.25 x 0.25 m) were taken. The leaves were 
harvested and sorted to species and the number of shoots of each species was counted. Sediment and 
epiphytes were removed and after a rinse in freshwater, the samples were dried at 80°C to constant dry 
weight (DW) and stored for later analysis of carbon (C), nitrogen (N) and phosphorus (P) content.
Linear regression analysis of the number of shoots in the biomass samples versus mapped data on 
percentage cover, provided mean estimates of shoot density of each species in each of the distinct 
percentage cover categories. The combined data on average dry weight per shoot (n = 21), estimates of 
mean shoot densities, and the surface area of each of the percentage cover categories, yielded estimates 
for the total leaf biomass of each seagrass species on the reef flat of Langkai.
Leaf production of Enhalus acoroides, Thalassia hemprichii and Cymodocea rotundata was measured 
according to Erftemeijer et al. (1993a). As these species account for almost 100% of the total leaf 
biomass, we assumed in our calculations they are responsible for the total leaf production of the seagrasses 
on the reef flat. Leaf production of each species was determined in three plots, randomly chosen in areas 
where the species in question was dominant. In each plot, 30 to 40 shoots were marked. After three days, 
the shoots were harvested and the newly formed biomass was determined. The growth increment was 
related to data on the total biomass of the marked shoots and to data on total leaf biomass on the reef flat, 
to estimate the total above ground production of each of the three species.
Export
Two major routes are open for transport of seagrass material out of the system: leaf material may 
either wash ashore or it may be exported beyond the reef edge.
In order to assess the amount of organic matter that washes ashore, the beach was cleaned over a total 
length of 10 m at seven locations around the island (Fig 2.1). Cleaning was carried out at low water, from 
the low water line to the highest flood mark. After 24 h (approximately 2 tidal cycles), all seagrass 
material deposited on a 1 m wide strip in the middle of the cleaned beach zone was collected, from the low 
water line to the highest flood mark. The organic matter in the samples was identified, dried (80°C) and 
stored for C, N and P analysis. The resulting average value was multiplied by the perimeter of the island 
(1,890 m) to arrive at an estimation of the total beaching rate.
The amount of organic matter that is exported beyond the reef edge was estimated with the use of nets 
(1 mm mesh size). The nets were deployed on the reef flat with their openings perpendicular to the 
dominant direction of the current. This was done on four different occasions: twice during spring tide and 
twice during neap tide. The net openings (1.5 m high and wide) were fixed by iron frames anchored in the 
sediment. The height of the nets covered the maximal tidal amplitude from the sediment to the water 
surface. The shape of the nets (a 1 m deep block shaped front with a 6 m long pointed tail) kept the 
pressure wave, caused by the resistance of the nets to the water flow, inside (Tranter and Smith, 1979). 
After 24 h, the nets were collected and the entrapped organic matter was identified, dried (80°C) and 
weighed. A subsample of each catch was stored for C, N and P analysis.
Based on the knowledge of the local current patterns, three nets were placed at the eastern seagrass 
border and three other nets at the western side of the island, inside the seagrass bed (Fig 2.1). The strength 
of the current varied, but the current direction at the sites of net deployment showed only minor 
fluctuations. The western site was chosen inside the seagrass bed, because here the current direction did 
not fluctuate as much as to the north (see results), which allowed more accurate measurements of the
12
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amount of litter passing. Consequently, the nets only captured seagrass litter exported from the southern 
part of the reef flat where 50, 56 and 70% of the leaf standing stock of Enhalus acoroides, Thalassia 
hemprichii and Cymodocea rotundata were found, respectively. Therefore, we calculated the total export 
of litter from the southern part of the reef flat first, by multiplying the amount of litter caught in each net 
by the width of the current carrying seagrass litter at the site where the net was deployed (125 m: north 
eastern site; 425 m: western site), divided by the net width. The resulting export values were than, for each 
species, extrapolated to 100% of their above ground biomass.
The amount of litter that washed ashore or was trapped in the nets, was expressed as percentage of the 
leaf biomass produced, for each species separately. The quantities of C, N and P in the litter were 
expressed as the percentages of these nutrients incorporated by leaf production.
C, N and P analysis
The C and N contents of the samples of organic material were analysed with a Carlo Erba NA 1500 
CN-analyzer. Epiphytic carbonate was first removed from the leaves according to the method described 
by Nieuwenhuize ef al. (1995). Total P was analysed colorimetrically (Allen, 1974), after oxidising acid 
digestion using a microwave furnace (Nieuwenhuize ef al., 1991).
RESULTS
Water movements
The current measurements revealed two dominant routes. Water coming in from Makassar Strait onto 
the south-west reef flat subsequently splits into a north western and a south-eastern flow (Fig 2.1). At the 
border of the seagrass bed at the east side of the island, the south-eastern flow runs over the reef edge into 
the Spermonde Shelf. The current direction showed small fluctuation, varying between compass readings
Table 2.1. A: The surface area (hectares) and leaf biomass (kg) of the four seagrass species at the reef flat of Langkai 
island subdivided in percentage cover categories. B: Data on species, related to the total system. Total percentage 
surface area indicates the percentage of the total vegetated area (67 hectares) where a species is found. Total 
percentage biomass is the proportion of total seagrass leaf biomass that is accounted for by a species
Percentage Enhalus acoroides Thalassia hemprichii Cymodocea rotundata Halodule uninervis
cover Surface Leaf Surface Leaf Surface Leaf Surface Leaf
categories area biomass area biomass area biomass area biomass
A 0-10 18 2950 15 280 9.3 76 0 0
10-20 14 9130 15 6870 2.9 380 0.2 4
20-30 14 18700 9.7 8960 0.3 66 0.1 3
30-40 2.8 5340 4.1 5680 0.2 75 0.03 2
40-50 1.8 4750 2.7 5030 0.4 220 0 0
50-60 1.7 5470 0.6 1460 0.2 130 0.02 2
60-70 0.9 3460 - - - - - -
70-80 0.3 1270 - - - - - -
B Total 54 51.1103 47 28.3103 13 950 0.4 11
Total (%) 81 63.6 70 35.2 19 1.2 <0.1 <0.1
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Table 2.2. Production and export values (kg DW d"1) of the three dominant seagrass species on the reef flat of 
Langkai, calculated for the total above ground biomass of each species and for the three species together (lower line). 
Percentages indicate the proportion of leaf production of each of the three species and of the three species combined 
(Total) that is exported beyond the reef edge or to the beach. Values ± sd where applicable
Species Production Export to the beach (n = 7) Export beyond the reef edge (n = 24)
Enhalus acoroides 770 2.74 ± 2.06 (0.4%) 9.61 ± 9.52 (1.2%)
Thalassia hemprichii 620 21.3 ± 18.1 (3.4%) 121 ± 46.0 (19.5%)
Cymodocea rotundata 29 3.10 ± 1.59 (10.7%) 7.20 ± 4.65 (24.8%)
Total 1419 27.1 ± 19.4 (1.9%) 138 ± 47.2 (9.7%)
Export
The total average daily export of leaves from Enhalus acoroides, Thalassia hemprichii and 
Cymodocea rotundata to the beach and beyond the reef edge is shown in Table 2.2. In all, only 1.9% of 
the seagrass leaf biomass production washes ashore. Most of this originates from Thalassia hemprichii 
(21.3 kg DW d-1). Expressed as percentage of leaf production, however, Cymodocea rotundata shows the 
highest export rate (10.7%). Export beyond the reef edge showed no difference between neap and spring 
tide and the average litter export was calculated from pooling the data from all 24 samples (six nets, 
deployed at four occasions). The largest amount of exported leaf material is accounted for by Thalassia 
hemprichii (121 kg DW d-1). As a percentage of leaf production, Cymodocea rotundata again shows the 
highest export rate (24.8%). In all, 9.7% of the seagrass leaf biomass production is exported beyond the 
reef edge.
C, N and P analysis
The C, N and P content of the leaves of Enhalus acoroides, Thalassia hemprichii and Cymodocea 
rotundata, and exported leaf litter is shown in Table 2.3. Export of C and N by transport of leaf litter to 
the beach or beyond the reef edge amounts to 10.3% of the C and N incorporated by leaf production. The 
export of P, relative to the quantities incorporated by leaf production, is considerably lower: 5.2%.
DISCUSSION
This study indicates that approximately 11.6% of the produced seagrass leaf dry weight and 10.3% of 
the C and N and 5.2% of the P, fixed in the process of seagrass leaf production, is exported as leaf litter 
from the mixed species seagrass system of Langkai. Beached litter (or, after mineralisation, the nutrients 
associated with it) may to some extent return to the littoral zone. Hence, some of the nutrients may return 
to the seagrass system and the beaching rate thus indicates the upper level of nutrient loss via this route. 
As beaching accounted for only 16% of the total litter export, this process has no large consequences for 
the total estimated export.
The export rate may be effected by seasonality. From July until January, low water at spring tides 
occurs during the day. The partial emergence of the reef flat during these low waters coincides with 
temperature stress and direct exposure to sunlight, resulting in a higher leaf mortality and blade loss (Bach 
et al., 1986; Van Lent et al., 1991; Erftemeijer and Herman, 1994). In the beginning of this period, export 
rates may be high. Current patterns and velocities may also change with the season, affecting the amount
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of litter exported. Consequently, the export 
figures presented here may show some 
fluctuation between seasons. Our results, 
therefore, must be considered as a prelimi­
nary estimation of export losses.
Bach et al. (1986) found that export 
from an embayment type seagrass system 
was smaller than export from open water 
systems. Although the seagrass bed at Lang- 
kai has an open character, the litter export 
expressed as percentage of biomass pro­
duced, is not high compared to embayment 
situations (6-8%: Zostera marina L; Thayer 
et al., 1975b; 9.5%: Thalassia testudinum 
Bank ex Konig; Greenway, 1976; 12%: 
Posidonia australis Hook. f. : Kirkman and 
Reid, 1979; 1-20%: Zostera marina; 1%: 
Thalassia testudinum; 60-100%: Syringo- 
dium filiforme Kutz; Zieman et al, 1979; 
47%: Syringodium filiforme; Fry and Virn- 
stein, 1988). The persistence of seagrasses 
depends on mechanisms compensating this 
loss of nutrients (Hemminga et al, 1991). 
However, nutrient supply to isolated coral 
islands such as Langkai is not self evident. 
These islands may be considered as spatially 
concentrated areas of nutrient accumula­
tions in the middle of an extensive, nutrient-poor environment. Compensating nutrient inputs may arise 
from nitrogen fixation, a flow down of nutrients and litter from the island during storms or rainfall, or 
ooze. Nutrient upwelling from the deep waters of Makassar Strait during the change of the monsoon may 
represent another external source of nutrients to the seagrass system of the reef flat (Ilahude, 1976; Baars 
and Cadee, 1990). A recent study of Stapel et al. (1996a) in the same area, indicates that leaves are 
physiological well equipped to capture nutrients from the water column. Hence, leaf uptake could be an 
important mechanism to compensate for nutrient losses associated with litter export.
The results show a difference in export (as percentage of production) between seagrass species. The 
small colonising Cymodocea rotundata occupies a region of the reef flat at the periphery of the seagrass 
bed where the disturbance by surf and wash of waves is relatively high. Small seagrass species such as 
Cymodocea rotundata are adapted to these situations. They have thin rhizomes which are capable of fast 
elongation (Den Hartog, 1979; Duarte, 1991), but their fragile, elongated, fast growing leaves are 
relatively easily detached, usually before they become coated with epiphytes and lose buoyancy. Leaf 
buoyancy is negatively influenced by the amount of epiphytes, causing heavily coated leaves and leaf 
fragments of Thalassia hemprichii and Enhalus acoroides to remain mostly at or near the bottom of the 
seagrass bed, decreasing their export rate (Zieman et al, 1979). The very strong leaves of Enhalus 
acoroides may rarely detach entirely, but normally fragment at the tip. The tips of older leaves of this
Table 2.3. A: C, N and P content (% of DW) data of the 
leaves of the three most dominant seagrass species at the reef 
flat of Langkai (n = 3), of beached leaf litter (n = 9) and of 
leaf litter caught in nets (n = 6). B: Total C, N and P (kg d-1), 
incorporated by leaf production and exported to the beach (n 
= 7) or caught in nets (n = 24). The figures were calculated 
for each species separately by combining the percentages from 
this table and the production and export figures from Table 
2.2; the resulting figures subsequently were summed. C: Total 
export as percentage of the total incorporation into leaves of 
C, N and P. Values ± sd where applicable
C N P
A
E. acoroides 31.72 ± 1.25 1.82 ± 0.07 0.22 ± 0.02
T. hemprichii 31.61 ± 0.49 2.48 ± 0.07 0.16 ± 0.02
C. rotundata 34.91 ± 0.36 1.96 ± 0.28 0.11 ± 0.02
litter (beached) 32.60 ± 6.77 1.80 ± 0.39 0.06 ± 0.02
litter (nets) 27.14 ± 2.02 1.88 ± 0.10 0.09 ± 0.01
B
Total incorporation 450 30.0 2.71
Export (beach) 8.83 ± 6.58 0.49 ± 0.45 0.02 ± 0.02
Export (nets) 37.5 ± 13.1 2.59 ± 0.89 0.12 ± 0.04
C
Export (%) 10.3 10.3 5.2
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species usually bear a large amount of epiphytes. The higher export rate of leaf litter of Cymodocea 
rotundata suggest that this species has to rely more on nutrient input processes to ensure its persistence 
than the other species, although an efficient nutrient resorption from the leaves before they detach may 
have compensatory effects. It is not unthinkable that such differences may contribute to species 
distribution patterns on the reef flat.
Exported seagrass litter may be significant to adjacent systems. Hemminga and Nieuwenhuize (1990) 
found that seagrass litter, washed ashore at the coast of Mauritania, played a role in local dune formation. 
The relative minor amounts of seagrass litter washed ashore at Langkai did not have such an effect. 
Beached seagrass litter, however, may be of importance to some crustaceans, who have been seen 
dragging seagrass litter into their burrows. The export of litter beyond the reef edge was about 6 to 7 
times more than the export to the shore. Exported seagrass litter was observed in between corals up to 
depths of 20 to 30 m, where it may be utilised by coral reef organisms. However, if litter export indeed is 
relevant in this respect remains uncertain. These processes deserve attention, but were beyond the scope 
of this research.
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3. Biomass loss and nutrient redistribution in an Indonesian Thalassia 
hempiichii seagrass bed following seasonal low tide exposure during 
daylight
Johan Stapela, Rahel Manuntun and Marten A. Hemmingaa
ABSTRACT
The intertidal reef flat of Barang Lompo Island, Indonesia, is exposed to air for several hours per day 
on the days around spring tides. The time of exposure shows a seasonal pattern. In the period January - 
June, the reef flat only runs dry at night, whereas in the period July - December, exposure only occurs 
during daylight. During the low tide daylight exposure period of July - December 1993, the leaf and 
rhizome biomasses (g m-2) declined significantly by 61 and 37%, respectively. Total rhizome length 
remained unchanged. C- and P-concentrations (% of dry weight) of leaves showed no change, while the 
leaf N-concentration increased by 25%. C-, N- and P-contents of leaves showed a decline that was 
strongly correlated to leaf biomass decline. In the rhizomes, C-concentration declined by 8%, but N- and 
P-concentrations increased by 111 and 25%, respectively. Rhizome C-content (g m-2) declined (43%), N- 
content increased (46%) and P-content did not change. Total C- and P-contents of the summed biomass 
of leaves and rhizomes declined by 46 and 34%, respectively, but N-content showed no change. 
Ammonium and phosphate concentrations in the water column and pore water phosphate were not 
significantly different during daylight exposure compared to during nocturnal exposure. Ammonium 
concentration in the pore water, however, was 1.6 times higher during daylight exposure. Results show 
that during a period of frequent daylight exposure, the nutrient status in the intertidal Thalassia hemprichii 
seagrass bed changed considerably. Despite biomass reduction, the total nitrogen content in leaves and 
rhizomes together was constant, which was achieved by an enhanced nitrogen accumulation in the 
rhizomes. Two theories possibly responsible for the stable sum of the total leaf and rhizome nitrogen 
content are discussed. The first theory describes the seagrass bed as a relatively closed system with respect 
to nutrient cycles: detached leaf fragments remain trapped within the meadow. The second theory 
postulates that the loss of part of the photosynthesising canopy due to daylight exposure has a series of 
consequences for microbial N-transformation processes in the sediment, which indirectly affects the 
plants’ nitrogen status. This study shows that Thalassia hemprichii, covering the reef flat of an intertidal 
tropical off-shore coral island, which is often considered as a nutrient-poor environment, is rather resilient 
to a significant canopy die-off and concomitant nutrient losses.
aNetherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
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INTRODUCTION
Seagrass beds occur in shallow coastal areas around the world (Den Hartog, 1970). Biomass and 
productivity of seagrasses exhibit seasonal variation, which has been attributed to periodical fluctuations 
of environmental factors such as light, nutrient availability, temperature, salinity, herbivory and 
hydrological conditions (e.g. Pérez and Romero, 1992; Baldwin and Lovvorn, 1994; Erftemeijer and 
Herman, 1994; Alcoverro et al, 1995; De Iongh et al, 1995; Philippart, 1995).
The comparatively uniform temperature and daylength in tropical areas allow rather constant seagrass 
biomass and growth throughout the year compared to temperate regions (Duarte, 1989). Tidal exposure, 
however, may be responsible for seasonal variability in the structure and functioning of (tropical) shallow- 
water seagrass beds (Bulthuis and Woelkering, 1983; Brouns and Heijs, 1986a; Erftemeijer and Herman,
1994). Tidal exposure of seagrass covered shallow reef flats and coastal areas in Indonesia often shows a 
seasonal pattern. During a period of several successive months each year, spring low tides, which cause 
these shallow areas to run dry, only occur during daylight, whereas spring tidal exposure during the rest of 
the year only occurs at night (Brouns and Heijs, 1986a; Erftemeijer and Herman, 1994; De Iongh et al.,
1995). Erftemeijer and Herman (1994) showed that in South Sulawesi tidal daylight exposure in the 
period July 1991 - January 1992 caused an 80 to 90% reduction of the above-ground biomass of 
Thalassia hemprichii and Enhalus acoroides and a significant change in the specific leaf growth rate and 
elementary composition of the seagrass tissue. Furthermore, De Iongh et al. (1995) reported a significant 
43% decrease of above-ground biomass of a Halodule uninervis meadow in the Moluccas, East 
Indonesia, between May and August 1991, coinciding with a similar shift of nocturnal spring low water to 
daylight spring low water. This massive, seasonal decline in above-ground seagrass biomass may have 
considerable consequences for the nutrient dynamics of these systems. Mobilisation of energy 
(carbohydrates) and nutrients stored in seagrass rhizomes allows regrowth of the lost seagrass canopy 
(e.g. by herbivory; Greenway, 1974; Dawes and Lawrence, 1979, 1980; Dawes et al., 1979; Tomasko 
and Dawes, 1989, 1990). It is, however, not clear how these nutrient reserves are replenished in seagrass 
beds covering the intertidal reef flats of off-shore coral islands. These environments are characterised by 
very clear, nutrient-poor waters, without an evident nutrient source (Erftemeijer, 1994; Stapel et al, 
1996b). Repeated significant loss of canopy biomass and concomitant nutrients due to leaf detachment 
caused by desiccation and burning could result in the perishing of seagrasses from these habitats. The long 
term persistence of these meadows, however, implies that a significant nutrient loss apparently does not 
occur.
In this study we examine the seagrass Thalassia hemprichii (Ehrenb.) Aschers. covering an intertidal 
reef flat of an off-shore coral island in Indonesia. This is the same research location at which Erftemeijer 
and Herman (1994) found clear evidence (using canonical correlation analysis) that daylight exposure 
caused significant changes in biomass and nutrient concentrations in seagrass leaves and rhizomes. 
The biomass and nutrient concentrations of the leaves and rhizomes were monitored during a 6 month 
period of spring tidal daylight exposure and a subsequent period of 4 month in which tidal exposure 
occurred at night only. The aims were (1) to quantify biomass loss during the period in which daylight 
exposure occurs and (2) to examine the distribution of nutrients among rhizomes, leaves, pore water and 
the water column during this period.
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MATERIALS AND METHODS
12
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Study area
The study was executed in a seagrass bed at the reef flat of Barang Lompo Island, located 
approximately 14 km off the coast in the Spermonde Archipelago. This archipelago, along the west coast 
of South Sulawesi, Indonesia, consists of a large group of coral islands and submerged reefs scattered on 
the Spermonde continental shelf (De Klerk, 1982; Fig 1.1). The reef flats of most of the islands and the 
shallow areas along the coast are covered with seagrass beds (Erftemeijer et al., 1993a). The selected 
location is a coral island surrounded by a large intertidal reef flat with an extensive seagrass vegetation. 
The reef flat consists of coarse carbonate sand and coral rubble (93 to100% CaCO3; Erftemeijer, 1994). 
The research was executed in the south-western part of the reef flat. The seagrass bed on this part of the 
reef flat is dominated by Thalassia hemprichil, patches of Enhalus acoroides also occur. The location is 
situated 19 ± 10 cm above extreme low water (ELW) (Erftemeijer and Herman, 1994). The seagrass bed 
at this location is exposed to air on the days around each spring low water. Fig 3.1 shows an example of
the predicted water level for 4 days in 
October 1993. Exposure of the sea­
grass bed starts on 3 October with a 
brief exposure period 3 days before the 
actual occurrence of spring low water. 
On each day that follows, the period of 
exposure progressively lasts longer, up 
to a maximum of 4 hours on the day of 
spring low water (6 October). During 
the next 4 days, the exposure period 
becomes shorter. After 10 October, the 
seagrass bed does not run dry until the 
next period of ca. 9 days around spring 
low water. In the period July - Decem­
ber 1993, spring low water only occurs 
during daylight (Fig 3.2). Exposure of 
the seagrass bed during daylight co­
occurs with intense insolation, high wa­
ter temperatures of (small) tidal pools, 
severe desiccation and ‘burning’ of the 
seagrass leaves (Erftemeijer and Her­
man, 1994). Due to the absence of the 
deleterious effects of insolation during 
nocturnal exposure, the seagrass bed 
may recover during the other 6 month 
period. We counted a total of 110 days 
with daylight exposure of the seagrass 
bed (up to 6 h d-1). These days were 
grouped in 16 periods of 1 to 9 succes­
sive days around the spring tides. The
s
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Fig 3.1. Predicted tidal oscillation curves for the harbour of Ujung 
Pandang with respect to extreme low water (ELW; source: Dinas 
Hidro-Oseanologi TNI-AL, Jakarta, Indonesia) at the start of a 
daylight exposure period around spring tide (3 October), at spring 
tide (6 October), at the last day of a daylight exposure period (10 
October) and at neap tide (13 October). The horizontal line indicates 
the level of the research location (2 dm above ELW). On 3 and 10 
October, the water level briefly drops to the reef flat surface; on 6 
October, the seagrass bed is exposed to air for a period of 4 hours 
around noon; between 10 and 13 October, the reef flat does not run 
dry at all
21
Chapter 3: Daylight exposure
number of successive days per period and the duration of daylight exposure per day increased gradually, 
while the time of exposure shifted from the afternoon (July-August), to noon (September-October). 
Thereafter, duration of exposure and the number of days per period declined and shifted to morning hours 
(November-December).
Seagrass parameters
Three replicate plugs (25 x 25 cm) of Thalas- 
sia hemprichii were harvested on each sampling 
occasion. From 3 June to 26 July 1993 and from 1 
January to 25 April 1994, samples were taken 
monthly. From 26 July 1993 to 1 January 1994, 
samples were taken on the days just before and 
after a period of daylight exposure around a spring 
tide. After 1 January 1994, samples were taken in 
order to detect recovery during a period in which 
only nocturnal exposure occurs (Fig 3.2). Samples 
were divided into leaves and rhizomes (including 
vertical rhizomes) and the number of shoots was 
counted. Roots were discarded because accurate 
sediment-free sampling of these organs for deter­
mination of biomass and nutrient concentration 
appeared very difficult. Furthermore, results from 
Erftemeijer and Herman (1994) suggest that roots 
were not significantly affected by daylight expo­
sure. The sheaths (remains of old leaves still atta­
ched to the plant) were considered as parts that do not belong to the living seagrass canopy and were 
therefore discarded as well. Sediment was removed and epiphytes were gently wiped off. The samples 
were dried to constant dry weight at 80oC. Thereafter, the total length of the rhizomes in each sample was 
measured. Tissue C- and N-concentrations were determined using a Carlo Erba NA 1500 CN analyser. P 
was analysed colorimetrically (Allen, 1974) after strong acid microwave destruction according to 
Nieuwenhuize et al. (1991).
Inorganic nutrients
Nutrient samples (ammonium and phosphate) of the water column and pore water were taken 
bimonthly (May - September) or 4 times per month (October - December). The water column was 
sampled in 1 l opaque bottles and transported on ice. After filtration (Whatman GF/C), the dissolved 
inorganic ammonium and phosphate contents of the samples were determined colorimetrically according 
to Strickland and Parsons (1972), using a Nanocolor 100 D-MN filter photometer. Sediment samples 
were taken with small hand corers (diameter 6 cm) to a depth of 12 cm. Each core was separated into 2 
cm sections. The corresponding sections of six successive cores were combined and treated as one 
sample. Two series of six cores were collected at each sampling occasion, representing two replicates. 
These samples were transported in sealed plastic bags on ice for further treatment in the laboratory. Within 
six hours of sampling, plant parts, shells and large rubble were removed and pore water was subsequently 
extracted by filtration over membrane filters (Schleicher and Schuell; 0.45 mm) under a maximum of 1 atm
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Fig 3.2. Predicted time and date of occurrence of each 
spring low water in 1993 for the harbour of Ujung 
Pandang (source: Dinas Hidro-Oseanologi TNI-AL, 
Jakarta). The area between the vertical dashed lines 
represents the daylight period (06:00 to 18:00 h)
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effective pressure using nitrogen gas (Kelderman, 1985). Subsequently, the dissolved inorganic 
ammonium and phosphate in the pore water were analysed.
Data analysis
The change of the measured seagrass parameters as a function of time was tested using linear 
regression. To allow the use of linear regression, data were divided in two periods. The effect of tidal 
daylight exposure was tested for data collected between 26 July and 20 December. A possible recovery of 
the measured parameters after the season of tidal daylight exposure ended was tested for data collected 
after 20 December (recovery period).
To detect a difference in nutrient concentrations between the periods of nocturnal and daylight 
exposure, the nutrient data were divided in two groups: samples taken in the period May - July 1993 and 
samples taken in the period August - December 1993. Differences in the pore water ammonium and 
phosphate concentrations were tested using one-way ANOVA. For the ammonium and phosphate 
concentrations in the water column, averages ± sd were calculated.
RESULTS 
Daylight exposure
Both the leaf and the rhizome biomasses (g DW m-2) declined significantly in the daylight exposure 
period (26 July to 20 December; Fig 3.3 A, D; p < 0.01). The reduction in leaf biomass was approximately 
61%, while rhizome biomass declined by 37%. The decline in leaf biomass was due to a combination of a 
decline in shoot density (48%; Fig 3.3 B; p < 0.01) and a decline in biomass per shoot (20%; Fig 3.3 C; p
< 0.05).
Total rhizome length (m m-2) in each sample showed considerable variation and did not significantly 
change over time (Fig 3.3 E; p > 0.05). The decline of rhizome biomass in the daylight exposure period 
was therefore due to a decline in its dry weight per unit of length (Fig 3.3 F; p < 0.01).
C- and P-concentrations (% of dry weight) in the leaves showed no significant change during the 
daylight exposure period (Fig 3.4 A, C; p > 0.05), but the N-concentration increased by 25% (Fig 3.4 B; p
< 0.01). The total C-, N- and P-contents of the leaves (g m-2) declined significantly by 63, 49 and 56%, 
respectively, and showed a strong correlation with leaf biomass decline (pearson’s correlation coefficient: 
0.986, 0.957 and 0.927, respectively; p < 0.01)
In the rhizomes, the C-concentration declined by 8% during the daylight exposure period (Fig 3.5 A; p
< 0.01), but the N- and P-concentrations increased by 111 and 25%, respectively (Fig 3.5 B, C; p < 0.05). 
Total rhizome C-content (g m-2) declined (43%; p < 0.01), while that of N increased (46%; p < 0.05) (Fig
3.5 D, E). Total P-content in the rhizomes did not show a significant change (Fig 3.5 F). The decline in 
rhizome C-content showed a strong correlation with the rhizome biomass reduction (Pearson’s correlation 
coefficient: 0.993; p < 0.01). Total decline in rhizome biomass was 0.74 g m-2 d-1 in the period 26 July to 
20 December (calculated from the corresponding regression line in Fig 3.3 D). Rhizome C-content 
declined by 0.30 g m-2 d-1 during the same period (calculated from the corresponding regression line in Fig
3.5 D). If we assume that the decline in rhizome C-content is caused by carbohydrate [(CH2O)x] 
mobilisation, the rhizome biomass would reduce by 30/12 (ratio of CH2O:C) times the C-content 
reduction: 30/12 x 0.30 g m-2 d-1 = 0.75 g m-2 d-1.
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Recovery
In general, the scagrtSS parameters that changed 
during the period o f daylight exposure returned 
approximately to their irmial values m the perk>d of 
nocturnal exposure that followed (Figs 3 J  to 3.6). 
This suggests Lhat, most likely, lidaJ exposure 
explains the observed se^cjonal patterns. However,, in 
a lew cases, the recovery period did exit show die 
reverse pattern uf tiie daylight exposure periixi 
Rhizome length did not change during daylight 
exposure. In die recovery period. however, a 
significant increase wiLs observed (Hg 3,3 El. On the 
oilier huid. the dry weight per unit o f  rhizome length 
declined during daylight exposure, but recovery was 
not significant (Fig 3.3 F). Also the rhizome N- 
content ^creased during daylight exposure, but did 
not declinc during the recovery period (FLg .V5 E).
Furthermore, the way in wiiich the data were 
statistically approached wan not appropriate for all 
parameters. Linear regression of the ibia on die 
biomass per .shoot did not reveal a significant 
increase in the recovery period after 20 December, 
although lIk decrease during the daylight exposure 
period had been significant. One-way ANOVA, 
however, revealed a significant (p < 0 .0 1 ) uifterencc 
between the data on bioniass per shooi observed 
during the dayljght exposure period and ihose 
observed during the recovery period. It appeared that 
within a short period [ca, 50 davsj »Her the end of 
the daylight exposure period. the biomass per shoot 
aicreascd by 85%. Also, linear regression did not 
reveal a significant change in the toial N- and P* 
contents during the recovery period {Fig 3-6 El, C), 
but one-way ANOVA showed a significant 
difference in the total N- and P-oonienis between the 
data of  the daylight exposure and the recovery period 
(p< 0 ,0L ).
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Fig 3.6. Change in total nuintflt itwucni: -of the 
combined tcaf and rhizome iyioma*s of Thuitisaa 
hrmpmnii. .Snlid lines and associated comttrtli liefiiied 
■15 in legend of Fig 3-J, A C « m m : (a *■ -0.377 and h -  
IW . R: -  0.289. p *  OlOI: c -  ft¿6ft and d -  -47.9. ET -  
0_-46ft, p < CkOJ I; fl. N-contenl and C  P-conh;:Li ( a -  
-fl.690- IC 1 andb ■ 0.417. R3 -  O.E56. p < 0.01)
nutrients
Ttie ammonium and pho.spliaie concentrations m 
the water column in the period May - July were 2.7 ±
4.3 (n -  6 ) and 0 . LI ± 0.07 |iM  (n -  4), respectively. 
Tltese conccn(n.t)ons wcic not significantJy different 
From ihie ammonium and phosphate concentrations in 
the wnier column in the. period of (kylight exposure: 
1.9 ± 1-0 (n -  73) for ammonium and 0.25 ±  
0.16 |iM  (n -  73) for phosphate. The ammonium 
pore water concentration - sediment depth profile 
was consistently higher during the iky light exposure 
period, compared to the period May - July 
(ANOVA; p c  0.05; Fig 3.7 A). The average pare 
water ammonium concentration m the upper 12 cm 
of the sediment was 1 6  times higher during the 
daylight exposure period than during the period May
• July (p < 0.05). Ttiere was no significant difference 
o f  the phosphate concentration in the pore water 
between the period of daylight exposure and the 
period May ■ July (Fig 3.7 B).
DISCUSSION
S t n u t u r i l  aspects
The resufcs o f  this study show ihai ihe leaf 
biomass of Thalassia hemprichii declined significant - 
ly in :he period in wtikh cad) spring low wajer 
occurred during daylight. ErttcmcijcT and Herman 
[L994j found significant evidence that CJiLs decline 
was caused by daylight emergence, most probably 
due to the deleterious effect of severe desiccation 
and burning, Coinciding with the reduction o f  the 
leaf biomass, che biomass o f the rhizomes also 
declined- While die decline in leaf biomass was due 
to the loss of leaves, leaf fragments and shoots 
{structural loss), the reduction o f  rhizome biomass 
corresponded to 3 0 1 2  x  C-contcnt decline (total 
rhizome length remained constant). Tins strongly 
suggests that cartiohyurates [(CH:0 ) J  are mobilised. 
Erftemeijer and Herman (1994) showed that the 
period o f significant die-off o f the above-ground 
biomass of Thalassia hemprichii coincided with 
riminum specific leaf growth ratei, which suggests 
that the mobilised carbohydrates are used to restore
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A Ammonium concentration (|iM) B Phosphate concentration (|iM)
mc
pe■Ö
ero
U
Fig 3.7. Pore water (A) ammonium and (B) phosphate concentrations in the upper 12 cm of the sediment. Curves 
represent concentration profiles during periods of nocturnal (■) and daylight (▲) exposure. Symbols show the average 
concentrations ± sd of the corresponding 2 cm sediment sections. n = 17 and 10 for ammonium and phosphate during 
nocturnal exposure, respectively, and n = 21 for ammonium and phosphate during daylight exposure
the loss of leaf biomass. Reduction in the biomass of Thalassia testudinum rhizomes in response to 
(repeated) harvesting of leaves has been reported previously by Dawes and Lawrence (1979), Ogden et al. 
(1980) and Williams (1987). Mobilisation of carbohydrates in the rhizomes in response to leaf removal 
was also observed (Dawes and Lawrence, 1979, 1980; Dawes et al., 1979). The results of this study 
support the notion that seagrass rhizomes are storage and redistribution organs for carbohydrate reserves. 
Thalassia hemprichii, a species which shows extensive rhizome development, therefore, may be quite 
resilient to defoliation. Other similar areas in the waters around South Sulawesi that are less frequently 
exposed than our research location reportedly have mixed meadows with up to 8 different species 
(Erftemeijer, 1994; Stapel et al, 1996b). The results, therefore, suggest that our research location is 
largely monospecific due to frequent seasonal daylight exposure to air, which allows only resilient species 
to survive.
Nitrogen
During the period of repeated loss and restoration of parts of the Thalassia hemprichii canopy, the leaf 
concentration of nitrogen increased. An increase in the leaf nitrogen concentration in response to 
defoliation has previously been reported for Thalassia testudinum by Dawes and Lawrence (1979), 
Zieman et al. (1984) and Tomasko and Dawes (1989). Young leaves of Thalassia hemprichii have a high 
N-concentration compared to old leaves (Stapel and Hemminga, in press). Furthermore, within the leaves, 
nutrient concentrations are usually higher in the younger parts, i.e. near the leaf bases (Thayer et al, 1984; 
Zieman et al, 1984; Van Helden, 1993). Thus, the observed increase in N may be due to an increased 
proportion of young leaf tissue after loss of older material. This would, however, also imply a considerable 
P increase, as this nutrient shows an even steeper decline in concentration during leaf development of 
Thalassia hemprichii than does N (Stapel and Hemminga, in press). Fig 3.4 C does not show a significant
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increase in the P-concentration of the leaves. This indicates that the proportionally high amount of young 
leaf tissue cannot be the sole explanation of the N- and P-concentration profiles in leaves. Moreover, an 
increase in the nitrogen concentration of the rhizomes was also found, which cannot be ascribed to a 
decline in dry weight due to mobilisation of carbohydrates only. It is also unlikely that part of the increased 
nitrogen concentration in leaves and rhizomes arose from (increased) resorption from the leaves prior to 
abscission. Stapel and Hemminga (in press) showed that 18% of the nitrogen can be resorbed from 
senescent Thalassia hemprichii leaves at Barang Lompo, but that as a result of premature loss of leaves 
and leaf fragments, only 56% of this capacity is realised. Due to (increased) resorption, furthermore, we 
would also expect an increased phosphorus concentration in the remaining tissue.
What could then be the mechanism causing the rather constant N-content in leaves and rhizomes 
together, despite considerable leaf losses? It is known that prolonged leaf removal of Thalassia 
testudinum may cause a permanent reduction in seagrass biomass, probably as a result of nutrient 
depletion (Greenway, 1974; Zieman et a!., 1984). Leaf removal (e.g. by grazing) interrupts the recycling 
of leaf nutrients, because it involves export of at least part of the leaf material out of the system (Thayer ef 
al., 1984). We found a considerable decline in both leaf and rhizome biomass over an extended period of 5 
months, but recovery occurred when the daylight exposure season ended. Furthermore, pore water 
nutrients were not depleted; ammonium concentrations even increased. Therefore, defoliation due to 
desiccation may not coincide with actual nutrient losses from the system. This would occur if a substantial 
amount of the detached biomass remained trapped within the meadow. This theory is supported by the 
study of Nienhuis ef al. (1989), who hypothesised that Indo-West-Pacific seagrass beds function to a large 
extent as self-sustaining systems in which most of the nutrients are trapped in the large seagrass biomass 
and efficiently re-used within the system. Furthermore, in a coral island seagrass meadow close to the 
present research location, Stapel ef al. (1996b) showed that only about 10% of the nitrogen 
incorporated in seagrass leaves for sustained production was exported. This meadow, which suffers 
from the same seasonal tidal exposure pattern, has a more exposed reef flat and stronger, primarily 
uni-directional currents than Barang Lompo, which suggests that leaf N export at Barang Lompo is 
probably less than 10% of the incorporated N.
Alternatively, the stable N-content in leaf and rhizome biomass may also be explained solely by a 
shifting balance in the various microbial processes associated with N-cycling during the daylight exposure 
period. Microbial nitrogen transformations (nitrification, denitrification and N2-fixation) are largely 
controlled by the redox potential and the organic matter content of their (micro)environment, which can 
be significantly affected by plant roots (Reddy et a!., 1989; Paerl and Pinckney, 1996). Studies on 
seagrasses have shown a positive relation between photosynthesis and oxygen release and exudation of 
organic matter into the rhizosphere (Capone and Taylor, 1980; Moriarty and Pollard, 1982; Moriarty ef 
al., 1986; O’Donohue et al., 1991; Blackburn et al., 1994). A loss in photosynthetic tissue as reported 
here for Thalassia hemprichii, therefore, will presumably reduce root oxygen release and organic matter 
exudation. This may have resulted in a shift in the balance between nitrification, denitrification and N2- 
fixation. A lower N-loss due to the coupled nitrification - denitrification process and/or an increased N2- 
fixation may, therefore, indirectly have led to a compensation of the nitrogen losses due to leaf detachment 
during the period of daylight exposure.
Stapel ef al. (1996a) showed that both the leaves and roots of Thalassia hemprichii at the investigated 
location were capable of absorbing 100% of the leaf nitrogen demand. The question of the relative share 
of roots and leaves in providing the total leaf nitrogen demand remained unsolved. It is very unlikely that 
the accumulation of nitrogen in the rhizomes during the daylight exposure period resulted from an
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increased nitrogen input from the leaves, as their biomass (and thus nitrogen absorption capacity) was 
reduced considerably. The increased nitrogen in the rhizomes may have been the result of an increased 
root N-uptake allowed by the higher pore water ammonium level. The nitrogen accumulation in rhizomes 
during the period of daylight exposure was 4.6 mg N m-2 d-1 (calculated from the corresponding 
regression line in Fig 3.5 E), which is 2 times more than the below-ground nitrogen demand of Thalassia 
hemprichii (calculated from Erftemeijer et al, 1993 a and Erftemeijer and Herman, 1994). Stapel et al. 
(1996a) suggested that nutrient uptake by roots of Thalassia hemprichii is limited by diffusion from the 
pore water bulk to the root surface and thus linearly related to the pore water concentration. It is, 
therefore, unlikely that the 1.6 times increased pore water ammonium concentration solely accounted for 
the nitrogen built-up in rhizomes, which requires a N-input that is 3 times larger than the below-ground 
demand. Therefore, the increased rhizome nitrogen content may also be explained by a smaller root-to-leaf 
translocation due to a smaller N-sink. In the period of daylight exposure, when the leaf N-demand drops 
(illustrated by a lower shoot density and thus a smaller number of growth meristems; Jameson, 1963; 
Tomlinson, 1974) and the pore water ammonium concentration increases, there may thus be a build up of 
nitrogen in the rhizomes. This creation of a nitrogen buffer may have an important function in restoring 
the canopy as soon as the daylight exposure period ends.
Phosphorus
The total phosphorus content in leaves and rhizomes of Thalassia hemprichii showed a decline of 30% 
between 26 July and 20 December. In addition, the average pore water phosphate concentration did not 
significantly differ between the daylight exposure period and the recovery period, in contrast to pore water 
ammonium. The difference between the results of phosphorus and nitrogen seems to support the theory of 
nitrogen compensation due to a change in the microbial N-dynamics. Erftemeijer and Herman (1994), 
who executed their research on seasonal changes in the same area, however, did find an indication for an 
increased pore water phosphate concentration in a period of daylight exposure. An explanation for the 
absence of an increased pore water level in this study perhaps may be found in the strong adsorption 
affinity of CaCO3 to phosphate and the heterogeneous particle size distribution of the carbonate sediment 
(De Kanel and Morse, 1978; Kitano et al, 1978; Erftemeijer et al, 1994). The finer the sediment, the 
more phosphate can be adsorbed (Erftemeijer and Middelburg, 1993; Erftemeijer et al, 1994). An 
increased phosphorus release coinciding with the mineralisation of elevated inputs of organic matter, 
therefore, could possibly have been masked due to a larger fraction of fine sediment particles, relative to 
the study of Erftemeijer and Herman (1994), adsorbing more phosphate.
Recovery
The parameters that changed during daylight exposure did not always return to their initial values. 
Also, parameters that did not significantly change during the daylight exposure period under investigation 
showed a change in the recovery period. This can be ascribed to year-to-year variations in environmental 
and climatic conditions (cf. Walker and McComb, 1988; Hillman et al., 1989; Erftemeijer and Herman, 
1994). On the other hand, an increasing rhizome length in the recovery period (Fig 3.3 E) may be required 
for the recruitment of new shoots (Fig 3.3 B; cf. Duarte and Sand-Jensen, 1990a; 1990b). Furthermore, 
the fast re-establishment of the seagrass canopy in the early phase of the recovery period (Fig 3.3 A, C) 
almost instantly enlarges the capacity of nutrient uptake from the water column and reduces the need for 
rhizome-to-leaf nutrient translocation. This may explain the enduring high rhizome N-content after 20
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December (at least until 25 April; Fig 3.5 E) and the rather instantaneous transition of the summed N- and 
P-contents of leaves and rhizomes between the daylight exposure and the recovery period.
Conclusion
During the period of frequent daylight exposure of the seagrass bed at the reef flat of Barang Lompo, 
the leaf and rhizome biomass and shoot density of Thalassia hemprichii declined considerably and there 
was a clear redistribution of C, N and P. Despite biomass reduction, the total amount of nitrogen 
contained in seagrass biomass remained unchanged: the quantity of nitrogen that was lost due to 
detachment of leaf biomass was counterbalanced by increased tissue nitrogen concentrations, especially in 
the rhizomes. Enhanced ammonium uptake by roots most probably played an important role in 
compensating the nitrogen losses. Two theories have been discussed explaining the stability of the total 
leaf and rhizome nitrogen content. The first theory describes the Thalassia hemprichii seagrass bed at 
Barang Lompo as a relatively closed system with respect to nitrogen and presumably phosphorus as well, 
implying efficient recycling of nutrients within the meadow. The second theory postulates that the loss of 
part of the photosynthesising canopy due to daylight exposure has a series of consequences for microbial 
N-transformation processes in the sediment, which indirectly affects the plants’ nitrogen status. This study 
shows that Thalassia hemprichii, covering the reef flat of an intertidal tropical off-shore coral island, 
which is often considered as a nutrient-poor environment, is rather resilient to a significant canopy die-off 
and concomitant nutrient losses.
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4. Leaf harvesting and sediment reworking by burrowing alpheid 
shrimps in a Thalassia hemprichii meadow in South Sulawesi, Indonesia
Johan Stapela and Paul L.A. Erftemeijera
ABSTRACT
Burrowing alpheid shrimps (mainly Alpheus edamensis) are the major organisms responsible for 
bioturbation activity in seagrass beds dominated by Thalassia hemprichii at Barang Lompo island, 
Indonesia. These shrimps harvest living seagrass leaves and leaf litter and expel sediment from their 
burrows. Field observations indicate that harvesting of living and dead seagrass material resulted in a 
reallocation into the sediment of approximately 53% of the produced above-ground seagrass biomass, and 
of 45 and 46% of the nitrogen and phosphorus, respectively, fixed in seagrass leaf production. In addition, 
it is estimated that alpheid shrimps rework 0.25 kg dry sediment m-2 d-1. This reworking activity will also 
be associated with important fluxes of nutrients, either fixed in particulate matter, or as dissolved 
compounds. It is therefore expected that alpheid shrimps, when they are present in seagrass beds, play an 
important role in the nutrient dynamics of these systems. However, the net effect of benthic-pelagic 
nutrient fluxes remains uncertain, as different and mutually opposing effects are involved.
aNetherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
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INTRODUCTION
Seagrass beds are a dominant feature of shallow tropical coastal waters (Den Hartog, 1970) and rank 
among the most productive submerged aquatic ecosystems (Zieman and Wetzel, 1980; Hillman et al., 
1989). The nutrient dynamics of these open systems is complicated, due to the existence of processes 
either leading to nutrient gains or nutrient losses (Hemminga et al, 1991). The activity of burrowing 
organisms is one of the processes which may have a thorough influence on the nutrient dynamics in 
seagrass meadows. Once senescent leaves are deposited onto the sediment, the activity of animals that live 
in the sediment may contribute to nutrient conservation by relocating the leaf detritus to the sediment 
compartment (De Vaugelas and Buscail, 1990; Griffis and Suchanek, 1991). On the other hand, 
burrowing activities may also lead to an increased flux of pore water nutrients to the overlying water 
column, exceeding normal diffusion fluxes (Dworschak, 1981; Gust and Harrison, 1981; Koike and 
Mukai, 1983; Waslenchuk ef a/., 1983). Burrowing crustaceans (especially Callianassa spp.) have been 
referred to as the species with the largest quantitative impact on sediment stability, water turbidity, 
infaunal species composition and seagrass distribution in coastal marine ecosystems, compared to other 
bioturbating animals (Aller and Dodge, 1974; Suchanek and Colin, 1986; Valentine et al, 1994). In their 
review, Griffis and Suchanek (1991) mentioned harvesting of plant material by thalassinidean shrimps as a 
significant nutrient sink. They also suggested that the burrow environment of these shrimps provided 
conditions for rapid remineralisation, leading to release of nutrients which could be exchanged with the 
water column by an active process of (bio)ventilation. Also, the surface area of the burrow walls increases 
the sediment surface area considerably, enhancing the flux of nutrients diffusing to the water column.
Thalassia hemprichii (Ehrenb.) Aschers. is a dominant species in most mixed seagrass beds from the 
tropical Indo-Pacific region (Den Hartog, 1970; Brouns and Heijs, 1986a; Erftemeijer, 1994). The major 
part of the biomass production of Thalassia hemprichii (84 to 94%) is accounted for by leaves, which 
have a much faster turnover than roots and rhizomes (Brouns and Heijs, 1986a; Erftemeijer et al, 1993a). 
Burrowing alpheid shrimps dominate the bioturbation activities of the benthic invertebrates in the seagrass 
beds around the island of Barang Lompo (Spermonde Archipelago, Indonesia; Erftemeijer et al, 1993b). 
Their activities result in the formation of mounds and burrow structures. It has been noticed, furthermore, 
that these shrimps frequently harvest seagrass leaves and litter (Karplus, 1987; pers. obs.). These activities 
may play a significant role in the functioning of the seagrass system. The objectives of this study are: (1) to 
quantify the amount of above-ground plant biomass and leaf litter transported into the sediment by the 
shrimps, relative to seagrass productivity; (2) to measure the intensity and depth of sediment reworking.
MATERIALS AND METHODS 
Study area
The Spermonde Archipelago along the west coast of South Sulawesi, Indonesia, consists of a large 
group of coral islands and submerged reefs, distributed over the Spermonde continental shelf (Fig 1.1; De 
Klerk, 1982). The reef flats of most of the islands and shallow areas along the coast are covered with 
seagrass beds (Erftemeijer et al., 1993a). Barang Lompo island, located approximately 14 km off the 
coast, is surrounded by a large intertidal reef flat. The sediment consists of relative coarse carbonate sand 
and coral rubble (93-100% CaCO3; Erftemeijer, 1994). Approximately 50 ha of the reef flat is covered 
with a dense mixed-species seagrass vegetation (Erftemeijer and Herman, 1994). A site (approximately 50 
x 50 m) at the south-west part of the reef flat, with a homogenous distribution of seagrasses and alpheid
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shrimps, was selected for the present study. A well developed Thalassia hemprichii vegetation 
(approximately 770 shoots m-2), mixed which patches of Enhalus acoroides (L.f.) is present at this site.
Seagrass biomass, density and leaf litter
Above-ground seagrass biomass was determined by harvesting the shoot material from 25 x 25 cm 
plots (n = 6). The samples were washed free from sediment. The shoots in the samples were counted, 
dried (24 hours, 80°C) and weighed. The amount of organic litter lying at the sediment surface of the 
seagrass bed was determined by sampling litter from randomly chosen 50 x 50 cm plots (n = 10). After 
sorting the litter samples in a seagrass and a non-seagrass fraction, these fractions were dried (24 hours, 
80°C), weighed and stored for later carbon (C), nitrogen (N) and phosphorus (P) analysis. Total C and N 
content was determined with a Fisons NA 1500 CN-analyzer. Total P was analysed colorimetrically 
(Allen, 1974) after strong acid microwave destruction of the organic material (Nieuwenhuize ef al., 1991).
Alpheid shrimp observations
Shrimp abundance was assessed in randomly selected 50 x 50 cm quadrates (n = 23) by counting the 
burrow openings inside the quadrate. The diameter of 20 randomly selected burrow openings was 
measured. A few specimens of the alpheid shrimps were collected for species identification.
The behaviour of alpheid shrimps was observed in the morning (9h), at noon (12h) and in the 
afternoon (15h). Each time, six different inhabited burrows were carefully approached and observed while 
snorkelling. During four successive 5-min. intervals, we counted how many times sediment was expelled 
from a burrow, or living (still attached) or dead seagrass leaves (lying on the sediment surface) were 
harvested. The four intervals were treated as one 20-min. sample.
Our estimation of sediment expulsion is based on the specific weight of dry sediment: 1.32 g dry 
weight ml-1. The shrimp uses its large chela to push sediment out of its burrow. Sediment expulsion was 
mimicked in the laboratory, based on visual observations, using a spatula of the same dimensions as the 
large chela of the shrimp (reported by Banner and Banner, 1966; 1982). Twenty portions of ‘expelled’ 
sediment were thus produced, dried and weighed. On the basis of these data, we estimated that a sediment 
load of approximately 21 ± 8 mg dry weight was translocated with each expulsion movement.
Quantification of the amount of leaf material that was harvested by the shrimps, was based on 
estimations of the lengths of the harvested pieces. These lengths were estimated during observation and 
classified in five size categories: 0-5, 5-10, 10-20, 20-30 and 30-50 mm. The number of harvested leaf 
fragments (living and dead) in each category was counted. Some shoots of Thalassia hemprichii were 
harvested and in the laboratory cut in pieces with random length. From this pool of living leaf fragments 
we randomly picked pieces that were classified in the same five categories as mentioned above. This was 
done until the quantity of leaf fragments in each size category corresponded with the number of fragments 
from the same category, counted in the field. This was repeated five times, after which the fragments were 
dried and weighed. With these results we estimated an average dry weight of 5.1 ± 0.6 mg per harvested 
leaf fragment. This figure was used to calculate the total biomass harvested by the shrimps (living leaves 
and leaf litter).
Sediment reworking
To investigate the rate of sediment reworking, carbonate sediment was collected from the reef flat of 
Barang Lompo. Approximately 50 kg of this moist sediment was sieved (mesh size 2 mm) and mixed for 
two hours in a concrete mixer with 1 kg fluorescence red paint (Visprox Fluorescent Flame Red) and 120
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ml ethanol, according to a method described by Nieuwenhuize and Sips (1977) and Van Noort and Kraay 
(1992) and slightly modified by us. Hereafter, the sand was dried for 6 days at approximately 50°C and 
subsequently washed. In November 1992, an approximately 3 mm thick tracer sediment layer was spread 
out at three randomly selected plots of 1 x 1 m in the study area. The plots were levelled by hand first, to 
create a flat area with a tracer sediment layer of approximately uniform depth. After 1, 2, 3 and 4 weeks, 
three replicate cores (diameter = 2 cm) were randomly taken from each plot to a depth of 10 cm. The 
resulting holes were filled with sediment from outside the plot to prevent transport of tracer sediment 
merely as a result of caving in of the holes. One blank core was taken outside the experimental plots. Each 
core was separated in 1 cm sections. The outer layer of each section was removed to get rid of tracer 
sediment dragged down to deeper sections during coring. Sections were dried at 80°C for 24 hours and 
weighed. Hereafter, the sections were extracted for 24 hours in opaque 100 ml bottles filled with a 
solution consisting of a mixture of 80% acetone and 20% di-methyl sulphate (1 ml g-1 dry weight). Every 
8 hours, the bottles were thoroughly shaken for 10 seconds. Subsequently, the content of the bottles was 
centrifuged and the intensity of the red colour of the supernatant was measured colorimetrically at 540 
nm, using a Nanocolor 100 D-MN filter photometer. Calibration series were made weekly with coloured 
and non-coloured sediment mixed in proportions of 0, 1, 5, 10, 50, 90 and 100% tracer sediment. The 
tracer sediment used for the calibration series was kept in sea water, which was renewed weekly. The 
relationship between colour intensity and percentage tracer was linear after logarithmic transformation of 
both scales. The percentage tracer in a sediment section was divided by the sum of percentages of tracer in 
the various sections of the core in question and subsequently multiplied by 100%. This standardisation 
was carried through to correct for the patchy distribution of tracer sediment, as deployment of tracer in a 
layer with exactly the same thickness within a plot was not practically feasible.
Statistics
Differences in shrimp activity in the morning, at noon and in the afternoon were tested using one-way 
ANOVA. Differences in tracer content in the different (1 to 9 cm) sediment sections after t = 1, 2, 3 or 4 
weeks were tested a posteriori using the Bonferroni post-hoc test after applying one-way ANOVA. The 
increase in the variance of tracer distribution over total core depth and an increase in the weighted average 
tracer depth, were tested using one-way ANOVA.
An attempt was made to calculate the 95% confidence limits for sediment expulsion. The average daily 
sediment expulsion (g m-2 d-1) is the product of the average number of daily sediment expulsion events 
(events m-2 d-1) and the average sediment dry weight per expulsion movement (mg event-1). The variance 
of a product is not directly computable. The variance of a sum, however, is the sum of the variance of the 
observations, in case there is no co-variance between the two observations (Sokal and Rohlf, 1995). 
Therefore, the data on expulsion events and the estimated dry weight per expulsion movement were log 
transformed. The inverse log of the sum of the log transformed observations is equal to the product of the 
not transformed observations. Now, the variance of the log transformed data on expulsion events can be 
summed with the variance of the log transformed data on estimated expelled sediment dry weight. The 
square root of this sum was multiplied with the value from the ¿-distribution at 0.05 probability and n-1 
degrees of freedom, where n is the total of observations of events (18) summed with the total of 
observations of dry weight estimation (20). Hereafter, the inverse log of this figure was calculated. The 
lower 95% confidence limit is calculated by dividing the average daily sediment expulsion by the outcome 
of the above described calculation; the upper limit is calculated by multiplication. The resulting 95% 
confidence interval is asymmetric around the average and is an approximation of the actual range.
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RESULTS AND DISCUSSION 
Alpheid shrimp observations
Density. All shrimps caught (n = 6) that were observed harvesting living seagrass leaves and leaf litter and 
which showed a considerable sediment reworking activity belonged to the genus Alpheus. Three were 
identified as Alpheus edamensis De Man. Alpheus edamensis is known to occur intertidally in the research 
area (Banner and Banner, 1985). All of the six shrimps lived in symbiosis with gobiid fishes. Burrows 
were found in a density of 10.3 ± 5.0 m-2 (n=23). The openings had an average diameter of 2.4 ± 0.58 cm 
(n=20).
Behaviour. Expulsion of sediment and harvesting of living leaves and leaf litter during each period of 
observation occurred through the same opening by two different individuals (possibly male and female; 
Karplus, 1987). In approximately 50% of the burrow openings no shrimp activity was noticed. It was 
observed that a shrimp usually leaves its burrow to expel sediment, an action that is followed by harvesting 
of seagrass material. Sometimes, however, a shrimp leaves its burrow only to search for seagrass material. 
It picks up detritus fragments from the vicinity of the burrow opening, or, alternatively, it may tear a piece 
from a living (still attached) seagrass leaf. The particles are subsequently pulled into the burrow.
Harvesting of seagrass leaf material
The frequency of harvesting of living leaves and leaf litter is shown in Table 4.1A. The data suggest a 
daily activity pattern: minimal harvesting activity in the morning and peak activity at noon (p < 0.05 for 
pooled data on harvesting of living leaves and leaf litter). A daily rhythm for different types of activities 
was also reported by Karplus (1987) for some alpheid species. We estimated the total daily amount of 
seagrass material harvested, assuming that shrimp activity starts at 6h and ends at 18h. A day was divided 
in four intervals (Tx) of 3 hours, each consisting of nine 20-minute periods: Ti from t1j6 (6h) to t1j9 (9h); T2 
from t2,9 (9h) to t2,12 (12h); T3 from t3,12 (12h) to t3,15 (15h) and T4 from t4,15 (15h) to t4,18 (18h). Harvesting 
events at t1j6 and t4,18 are set at 0. Daily harvesting is then the sum of harvesting events within each interval 
(x), calculated as the area beneath the line connecting the coordinates at tx,start and tx,end. This can be written 
in a general formula: 9(m+n+a), where m, n and a represent total events of harvesting living leaves (or 
leaf litter) per burrow, during 20 minutes of observation in the morning (9h), at noon (12h) and in the 
afternoon (15h), respectively. With shrimps active in 50% of the 10.3 burrows m-2, it can be calculated 
that living leaves are harvested with a frequency of 286 ± 198 events m-2 d-1, whereas leaf litter is 
harvested with a frequency of and 85 ± 80 events m-2 d-1. The average biomass of a harvested living leaf or 
leaf litter fragment was estimated to be 5.1 ± 0.6 (see above). This results in an estimated harvesting rate 
of living seagrass leaves and leaf litter of approximately 1.89 g dry weight m-2 d-1. Because of the large 
variation in the frequency of harvesting events, calculation of 95% confidence limits as was done for 
sediment expulsion events, yielded a meaningless interval.
Using the estimated harvested dry weight m-2 d-1 and the average %C, %N and %P of living leaves 
and leaf litter (Table 4.2), we calculated that shrimps transfer approximately 560 mg C m-2 d-1, 31.7 mg N 
m-2 d-1 and 2.89 mg P m-2 d-1, fixed in above-ground seagrass biomass, into the sediment (Table 4.1B). 
Using the annual average relative growth rate of Thalassia hemprichii leaves at Barang Lompo, 0.043 g 
g-1 dry weight d-1 (given by Erftemeijer and Herman, 1994) and the data on element content of living 
leaves and leaf litter (Table 4.2), it can be calculated that shrimps harvest approximately 53%, 53%, 45% 
and 46% of the biomass produced daily and of the corresponding amounts of C, N and P incorporated,
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respectively. These figures as such clearly suggest a conspicuous role of the shrimps in the nutrient 
dynamics of the seagrass meadow.
Table 4.1. Alpheid shrimp observations. A: Harvesting of Thalassia hemprichii living leaves and leaf litter and sediment 
expulsion activity of shrimps in the morning, at noon and in the afternoon, expressed as average number of events [20 min]-1 
burrow-1 ± sd. B: Estimates of daily shrimp activity (events m-2 d-1 ± sd) and the consequence of this activity on the daily 
amount of leaf material harvested and of sediment expelled (g dry weight m-2 d-1). The corresponding amounts of carbon (C), 
nitrogen (N) and phosphorus (P) (mg m-2 d-1), associated with harvesting of leaf material, are also given. For harvesting 
events, the formula 9(m+n+a) (see text) was used. An approximated 95% confidence interval (see text) is given for the daily 
expulsion of sediment dry weight. Leaf production (g m-2 d-1) of Thalassia hemprichii and associated C, N and P fixation (mg 
m-2 d-1) was calculated using the data from Table 4.2, and assuming a leaf growth rate of 0.043 g g-1 dry weight d-1 
(Erftemeijer and Herman, 1994). The percentage leaf material harvested is calculated by dividing dry weight and associated 
C, N and P contents o f  leaf material harvested per day by the respective daily production or fixation values. Values ± sd were 
appropriate
Harvesting o f  
living leaves
Harvesting o f  
leaf litter
Sediment
expulsion
Leaf production 
C-, N-, P-fixation
%harvested
A: Events (n = 4) (n = 4) (n = 4)
([20 min]-1 burrow-1)
Morning 0.33 ± 0.52 0.33 ± 0.52 63 ±  20
Noon 4.3 ± 4.0 0.83 ± 0.98 73 ± 21
Afternoon 1.5 ± 1.4 0.67 ±  0.82 56 ± 19
B. Budget estimates (n = 6) (n = 6) (n = 18)
Activity (events m-2 d-1) 2 8 6 ± 198 85 ± 80 [12 ± 4 ]1 0 3
Dry weight (g m-2 d-1) 1.46 0.43 [0.25 (0.09-0.69)] 103 3.53 53
C (mg m-2 d-1) 434 126 - 1049 53
N (mg m-2 d-1) 29.2 2.56 - 71 45
P (mg m-2 d-1) 2.63 0.26 - 6.3 46
The seagrass material that is harvested is stored in chambers and burrow linings. It is not clear if it is 
subsequently used for consumption or for cultivation of micro-organisms (biological gardening; Griffis and 
Suchanek, 1991). Alpheid shrimps have burrows as deep as 30 cm (Gust and Harrison, 1981; Erftemeijer 
et al., 1993b). After decomposition of the harvested material, part of the nutrients may therefore be 
released in the pore water of the sediment layer below 10 cm, outside the reach of the roots of Thalassia 
hemprichii which normally do not extend deeper than 10 cm. However, the alpheid shrimps need oxygen 
and therefore ventilate their burrows (biological pumping, Koike and Mukai, 1983; Branch and Pringle, 
1987). They thus create an environment which is relatively rich in organic (seagrass) material and oxygen, 
providing favourable conditions for bacterial growth. This is expected to lead to a fast regeneration of 
nutrients which may directly be pumped (by biological ventilation) to the water column. In addition, the 
extended burrow structures also enlarge the surface area through which nutrients diffuse to the water 
column (up to 900%; Waslenchuk et al., 1983; Griffis and Suchanek, 1991). From the data on burrow 
densities and diameters and a maximal burrow depth of 30 cm it can be calculated that the presence of 
alpheid shrimps adds an additional 25% of wall surface area to the sediment surface of the reef flat of
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Barang Lompo (assuming that each 
opening represents a burrow extending 
30 cm into the sediment, perpendicular 
to the sediment surface, without bran­
ching).
Sediment reworking
Sediment expulsion: The observations 
on sediment expulsion are shown in 
Table 4.1 A. At night, when the 
shrimps were inactive, no expulsion of 
sediment occurred. In contrast to leaf 
harvesting activity, the data on 
sediment expulsion do not indicate a change in activity during the day (p > 0.3). Therefore, an average of 
64 expulsions every 20 minutes can be assumed for the whole day. With shrimps active in 50% of the 
burrows, this leads to (12 ± 4)103 sediment expulsions m-2 d-1. As the average expelled sediment load was 
estimated to be 21 ± 8 mg (see above), this results in an average sediment reworking rate of 0.25 kg dry 
weight m-2 d-1, with approximate 95% confidence limits of 0.09 and 0.69 kg dry weight m-2 d-1 (Table 
4.1B). This is within the range given by Rowden and Jones (1993) in their review on sediment turnover 
estimates for Callianassidae (0.01 to 3.4 kg dry weight m-2 d-1).
Tracer experiment At the start of the tracer sediment experiment, the tracer was limited to the top 3 mm 
of the sediment. In the course of time, the tracer sediment moved downwards and is mixed with the other 
layers (Fig 4.1). The cumulative percentage tracer sediment of downcore measurements before 
standardisation of the results, remained approximately the same. This indicates that horizontal distribution 
of tracer sediment was insignificant. The variance of tracer distribution over the total core depth increased 
significantly in the course of time (p < 0.01). After one week the tracer content in the first cm was still 
significantly higher than in deeper layers (p < 0.001). After three weeks a well mixed layer of tracer 
sediment in the upper three cm was established: no significant difference existed between the tracer 
content in the first, second and third cm (p > 0.4). The tracer contents in each of the deeper layers were 
significantly lower than the content in either one of the three top layers (p < 0.001). The mixing of layers 
continued during the last week of observation.
The curve profiles after 2, 3 and 4 weeks (Fig 4.1) show a higher tracer content in the second cm, 
compared to the first cm, which suggest some degree of non-local exchange (process of translocation 
between not bordering layers), rather than translocation between bordering layers only (biodiffusion; 
Boudreau and Imboden, 1987). The existence of non-local exchange was observed in the field: shrimps 
expelled sediment originating from layers up to 30 cm depth. The weighted average tracer depth increased 
significantly (p < 0.01) from 1.5 cm after one week to 1.6, 2.4 and 3.0 cm after two, three and four weeks, 
respectively.
As a result of sediment reworking, not only sediment grains, but organic matter, lying on the 
sediment surface, is translocated as well (De Vaugelas and Buscail, 1990; Griffis and Suchanek, 1991). 
Part of the nutrients resulting from decomposition of dead seagrass tissue thus may be released in the 
water column (directly after deposition of the leaves onto the sediment surface), and another part may be 
released in the upper sediment zone as a result of harvesting and sediment reworking. The root system 
may absorb these nutrients and re-use them for seagrass production.
Table 4.2. Data on living leaves and leaf litter. Biomass (g dry weight m-2), 
C-, N-, P-contents (% of dry weight) of living leaves and leaf litter (dead 
seagrass material lying on the sediment surface within the seagrass bed) and 
shoot density (shoots m-2) of Thalassia hemprichii at the research location at 
the reef flat of Barang Lompo. Values ± sd
Living leaves Leaf litter (n = 10)
Biomass 82 ± 13 (n = 6) 5.5 ± 2.2
%C 29.74 ± 0.83 (n = 10) 29.06 ± 6.4
%N 2.00 ± 0.065 (n = 10) 0.59 ± 0.36
%P 0.18 ± 0.018 (n = 10) 0.06 ± 0.013
Shoot density 770 ± 211 (n = 6)
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The activity of burrowing alpheid shrimps is 
important for the nutrient dynamics of the seagrass bed at 
Barang Lompo by causing reallocation of nutrients from 
the leaf to the root zone and vice-versa. Approximately 
50% of the above-ground seagrass production is brought 
into the sediment by the process of harvesting of living 
and dead leaves. Alpheid shrimps rework about 0.25 kg 
dry sediment m-2, daily. The actual sediment reworking 
may be somewhat higher due to contributions of other 
burrowing shrimps (Axius acanthus), polychaetes and 
bivalves, who have been observed in the same area 
(Erftemeijer et al., 1993b). Although the present data 
clearly show that benthic activity implies a strong impact 
on the nutrient dynamics of the seagrass bed, the net effect 
of sediment reworking and leaf harvesting on the benthic- 
pelagic nutrient fluxes, remains uncertain as different, and 
mutually opposing effects are involved. On the one hand, 
the rate at which nutrients are lost from the seagrass 
system is decreases, because leaf material, harvested or 
relocated by sediment reworking, is no longer available 
for export. Harvesting of living leaves (assumed to have 
an important function in nutrient acquisition; Stapel et al., 
1996a), on the other hand, decreases the nutrient uptake 
potential and, at the same time, enlarges the need for 
nutrient uptake as the pool of leaf nutrients, potentially 
available for internal recycling, decreases. Furthermore, 
the processes of burrowing, sediment reworking and 
ventilation of the burrows by the shrimps, is expected to 
have an accelerating effect on the exchange of regenerated 
nutrients to the water column.
Conclusion
0
0
0
0 20 40 60
Fig 4.1. The vertical distribution of tracer sediment, as a 
result o f  sediment reworking. At the start o f  the experiment, 
a layer o f  3 mm tracer sediment was spread out at the 
sediment surface (levelled by hand). A, B, C and D: tracer 
distribution after 1, 2, 3 and 4 weeks, respectively
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5. Nutrient resorption from seagrass leaves
Johan Stapela and Marten A. Hemmingaa
ABSTRACT
The resorption of nutrients (C, N and P) from senescent leaves of six seagrass species from nine 
different locations in tropical (Indonesia and Kenya), Mediterranean (Spain) and temperate (The 
Netherlands) regions has been investigated. Resorption was quantitatively assessed by calculating the 
difference in nutrient content between the leaves with the highest content, and the oldest leaves. In 
order to do so, the leaves were classified according to their age. The nutrient contents of leaves of a 
given age category were calculated by multiplying the measured nutrient concentration in this age 
category with its corresponding modelled leaf biomass. N- and P-concentrations declined during 
ageing and senescence of the leaves in all of the investigated situations but two. The decline in 
concentration varied up to 58% for N and up to 66% for P. The C-concentration declined on three 
of the investigated occasions and varied up to 24%. Despite a decline in concentration, the leaf C- 
content did not change, indicating no resorption of carbon. The efficiency of N-resorption from 
intact seagrass leaves varied between 3.8 and 29% (average: 15%), while the efficiency of 
phosphorus resorption varied between 0 and 51% (average: 21%). The resorption efficiency was not 
significantly different in seagrasses with a relatively high and a relatively low nutrient concentration, 
although within-species comparisons showed that in some cases resorption efficiency was positively 
related to the nutrient concentration of the leaves. Premature loss of leaves and leaf fragments (by 
e.g. herbivory) may substantially interfere with the resorption process. In Indonesian seagrasses we 
estimated that as a result of fragmentation and premature detachment only between 56 and 77% of 
the physiological resorption potential actually was realised. It is concluded that internal resorption 
may play a role in the nutrient dynamics of seagrass plants, but that its quantitative importance 
probably is limited. Nutrient resorption from senescent seagrass leaves may reduce the nutrient 
requirements for seagrass leaf production by approximately 10% for nitrogen and 15% for 
phosphorus.
aNetherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
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INTRODUCTION
Seagrass beds rank among the most productive submerged aquatic ecosystems. To sustain a high 
productivity, a substantial amount of nutrients is required. The death of leaves and other plant parts, 
however, leads to a constant drain of nutrients, as nutrients are a component of these lost plant parts. 
The nutrients lost have to be replenished to allow the continued growth and persistence of the 
seagrasses (Hemminga et al., 1991). Numerous studies have shown that terrestrial plants resorb 
nutrients from senescent leaves. These nutrients may be re-used for the growth of new leaves or 
roots and rhizomes. As a result, the dependence on an external nutrient supply is reduced (Jonasson 
and Chapin, 1985). The amount of nutrients resorbed from senescent leaves of terrestrial plants 
varies widely, i.e. between 0 and 79% for N and between 0 and 90% for P (Chapin and Kedrowski, 
1983). Seagrasses, descendants of land plants that have invaded the marine environment, similarly 
may possess mechanisms to reclaim part of the nutrients from ageing leaves. Very little is known, 
however, about nutrient resorption in seagrasses. Some data on the decrease of nutrient 
concentrations during leaf development are available. C-decline ranges between 5 and 36% (Harrison 
and Mann, 1975; Thayer et al., 1977; Alcoverro, 1995). The decline in nitrogen ranges between 20 
and 80% (Patriquin, 1972; Harrison and Mann, 1975; Thayer et al, 1977; Pedersen and Borum, 
1993; Alcoverro, 1995), while for phosphorus, a decline between 30 and 40% is reported (Walker 
and McComb, 1988; Alcoverro, 1995). Most of these figures, however, did not distinguish between 
a decline due to leaf growth (dilution) and a decline due to resorption during senescence. Borum et 
al. (1989) and Pedersen and Borum (1992, 1993) concluded that internal reclamation of nitrogen 
accounted for 12 to 27% of the annual nitrogen requirements of Zostera marina. Alcoverro (1995) 
calculated that in Posidonia oceanica 37 and 44% of the annual nitrogen and phosphorus demand is 
met by resorption from senescent seagrass tissue. A general figure for nitrogen resorption is given by 
Hemminga et al. (1991), who estimated that approximately 25% of the seagrass’ total nitrogen 
demand can be met by internal resorption. Resorption, however, presumably will vary between 
seagrass species, and possibly also within species in response to varying environmental nutrient 
availabilities, as is the case in terrestrial plants (Chapin and Kedrowski, 1983; Pugnaire and Chapin, 
1993).
The aim of this study is to compare the nutrient resorption of several seagrass species in different 
geographic regions of the world (Indonesia, Kenya, the Mediterranean and The Netherlands).
MATERIALS AND METHODS 
Study sites
The leaves of several seagrass species were collected from a range of environments (Table 5.1). 
Barang Lompo in Indonesia is a coral island located approximately 14 km off the coast (Fig 1.1). 
The reef flat of the island is covered by mixed seagrass beds, dominated by Thalassia hemprichii 
(Ehrenb.) Aschers., Enhalus acoroides (L.f) (both climax species) and the pioneer species 
Cymodocea rotundata Ehrenb. & Hempr. ex Aschers. Parts of the reef flat occasionally run dry 
during low water. Samples of the three species were taken in the wet season, during February and 
March 1994. Gusung Tallang, also in Indonesia, is an intertidal mudflat, located on the coast of 
South Sulawesi, in between the mouths of the Maros River in the north and the Telo (a tidal creek) 
in the south (Fig 1.1). This area is characterised by narrow sandbars perpendicular to the coastline,
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with well developed seagrass vegetation between these sandbars, dominated by Enhalus acoroides. 
At the fringes, mixed beds with smaller seagrass species occur, notably Thalassia hemprichii. 
Samples of both species were taken in the wet season, during February and March 1994. Bira, at the 
utmost south-east of South Sulawesi, Indonesia, is a shallow coastal area exposed to a relative 
strong wash of waves. This site is dominated by the robust climax species Thalassodendron ciliatum 
(Forssk.). Samples of this species were taken at the end of the wet season in April 1994.
Gazi Bay is situated 50 km south of Mombassa on the Kenyan coast, and is dominated by a 
mangrove forest on the northern part of the bay. Intertidal flats and shallow subtidal areas covered 
by seagrass meadows are found in between the mangrove forest and coral reefs in the south. 
Intertidally growing Thalassodendron ciliatum was sampled (October 1994) from three sites at 
increasing distance from the mangrove forest.
Medes Islands is a group of small islands and rock pinnacles in the Mediterranean, 1.5 km off the 
coast of Girona, Spain. A Posidonia oceanica (L.) Delile meadow extends on the west side of the 
islands, from 3 to 15 m depth (Alcoverro et al., 1995; Mateo 1995). Shoots of this plant were 
sampled in October 1994 at a depth of 5 m.
Zandkreek Bay in the SW Netherlands is a largely intertidal bay in a tidal inlet of the North Sea. 
Zostera marina L. was sampled (July 1994) from an annual population on the intertidal flats on the 
northern side of the bay. Lake Veere is a brackish eutrophic lake in the SW Netherlands. Part of the 
lake is covered by a perennial population of Zostera marina. Shoots of this species were collected in 
August 1994.
Shoots of seagrass plants were collected from three replicate plots at each location and 
transported to the laboratory in containers or plastic bags filled with sea water. Epiphytes were 
gently wiped off the leaves using tissue paper. Intact leaves of the same age category, numbered 
from 1 (youngest leaf, > 1 cm) to j  (oldest leaf), were pooled until the samples contained enough 
material for carbon (C), nitrogen (N) and phosphorus (P) analysis (at least 5 g fresh weight, with 20 
leaves or more per sample). Dead, brown leaves were discarded. The samples of the same leaf 
number, species and location were treated as triplicates. The samples were briefly rinsed in 
demineralised water and immediately dried to constant dry weight at 80°C and stored for later 
analysis of C, N and P. C- and N-concentrations of the samples were analysed with a Fisons NA 
1500 CN-analyzer. If necessary, epiphytic carbonate was first removed from the leaves according to 
the method described by Nieuwenhuize et al. (1995). Total P was analysed colorimetrically (Allen, 
1974), after oxidising acid digestion using a microwave furnace (Nieuwenhuize et al, 1991). Other 
leaf samples were collected to establish the average dry weight of successive leaf numbers. The 
samples were treated as described above, but individual intact leaves (15 to 45 per leaf number) were 
dried separately and weighed.
Using the weight data of the leaves, the biomass development of the intact leaves was modelled 
using non-linear least square regression according to:
B  = Bj (1 -  e -ai) (1)
in which i is the leaf number, Bt the biomass (dry weight) of the ith leaf, Bj the dry weight of the 
oldest leaf, and a the rate constant of biomass development.
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The nutrient contents of leaves of a given age category were calculated by multiplying the %C, N 
or P of the ith leaf with its corresponding modelled biomass. The proportion of nutrient resorption 
(resorption efficiency; Shaver and Melillo, 1984) was calculated by:
Kmax -  Ki
% R = — ------ J- . 1 0 0 % (2)
max
in which %R is the percentage of the maximum leaf nutrient content that is resorbed (resorption 
efficiency), Kmax the nutrient content (mg C, N or P) of the leaf number with the highest total nutrient 
content and Kj the C, N or P content (mg) of the oldest leaf. We thus assume that the decline in the 
absolute nutrient content of ageing leaves reflects nutrient resorption. The remaining nutrient content 
of the oldest leaf, furthermore, is assumed to be lost by detachment or death of the leaf. Leaching of 
nutrients from senescent seagrass leaves is considered to be a process with an insignificant 
contribution to nutrient loss (Borum et al., 1989) and was therefore disregarded. By the above given 
calculation, a figure of the maximum physiological nutrient resorption efficiency is obtained, because 
only intact leaves were examined. This, however, may represent a rare situation. Often leaves 
fragment at the tip during ageing, or they are (partially) consumed by herbivores or are detached 
from the plant before they have reached their maximum life span. From these lost leaves or leaf 
fragments, nutrients cannot be resorbed. To gain insight in the quantitative importance of this 
premature nutrient loss, we investigated the Indonesian seagrasses in more detail. In order to do so, 
we now included also the incomplete leaves of the seagrass shoots that were first left out when the 
average dry weight of the intact leaves of successive age categories was established in our 
calculations (see above). If a leaf number was missing because it had been detached completely, we 
substituted 0 g as a value for its dry weight when calculating the average biomass for that specific 
age category. Because we do not know when a leaf fragment or entire leaf was lost from a shoot, we 
cannot be sure of the amount of nutrients resorbed from this leaf (fragment). It may have been lost 
before any resorption had occurred, or at the moment that the resorption process already had been 
completed. In this last case, the resorption equals the maximum possible (physiological) resorption. 
We therefore calculated a new resorption value which takes incomplete resorption due to premature 
loss of leaf material into account by assuming that the physiological resorption (R) had occurred to 
its full extent from the remaining biomass fraction of the oldest leaf, and that 50% of the 
physiological resorption had occurred from the biomass fraction that was prematurely lost from the 
oldest leaf (i.e. the average of minimal and maximal possible resorption). If this is expressed 
mathematically, we obtain the formula:
% R = R j + j  .'0 0 %  (3)
j max
in which %R' is the corrected resorption efficiency, R the absolute physiological resorption (Kmax- Kj 
in mg C, N or P), Bj^ bs the observed biomass (mg dry weight) of the oldest leaf, Bj the modelled 
biomass (mg dry weight) of the (intact) oldest leaves and Kmax the C, N or P content (mg) of the leaf 
number with the highest absolute C, N or P content (mg), calculated using the modelled biomass.
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Table 5.2. Carbon (A), nitrogen (B) and phosphorus (C) concentrations (percentage of dry weight) in the successive 
leaf numbers of each of the investigated seagrass species. Values represent averages of three replicate pooled leaf 
samples. A difference in nutrient concentration between leaf numbers was tested using one-way ANOVA followed by 
a Tukey post-hoc comparison of all age categories. Values designated with the same letter within each row are not 
significantly different (0.05 probability level). If a significant difference in nutrient concentration between the last leaf 
number and a preceding number existed, % change was calculated between the oldest leaf and the leaf number with 
the highest concentration (marked with *). ns: not significant; na: not analysed
Site Species
1 2 3
Leaf number 
4 5 6 7 8
% change
A:carbon
Barang Lompo T. hemprichii 38.67 a*:35.88 ab34.20 b 34.25 b*na -11
E. acoroides 35.52 a 33.49 a 32.69 a 36.06 a 33.87 a ns
C. rotundata 39.33 a 39.46 a 37.74 a 34.03 a ns
Gusung Tallang T. hemprichii 37.65 a* 34.75 b 30.67 c 28.70 d* -24
E. acoroides 35.18 a* 32.96 b 31.78 bc29.86 c 29.97 c*< -15
Bira T. ciliatum 38.76 a 38.69 a 39.01 a 39.50 a 37.23 a 39.19 a 38.36 a 35.35 a ns
Gazi MM T. ciliatum 39.24 a 38.75 a 38.41 a 41.55 a 42.10 a 41.52 a 42.51 a 45.26 a ns
Gazi MS T. ciliatum 39.45 a 40.58 a 40.49 a 40.70 a 41.55 a 40.14 a 40.81 a 43.58 a ns
Gazi CS T. ciliatum 39.10 a 41.51 a 41.23 a 39.04 a 38.84 a 39.35 a 38.25 a 37.92 a ns
Medes Islands P. oceanica 41.65 a 38.28 a 38.49 a 36.94 a 37.82 a ns
Zandkreek Z. marina 36.29 a 36.03 a 36.04 a 36.06 a 35.91 a 35.44 a 35.43 a 35.05 a ns
Lake Veere Z. marina 35.73 a 35.66 a 35.51 a 34.60 a 35.23 a 34.33 a ns
B: nitrogen
Barang Lompo T. hemprichii 3.20 a* 2.49 b 1.99 c 1.78 c 1.34 d* -58
E. acoroides 2.37 a* 2.04 a 1.95 ab 1.94 ab 1.47 b* -38
C. rotundata 2.33 a 2.45 a* 1.94 b 1.63 c* -33
Gusung Tallang T. hemprichii 3.47 a* 2.71 b 1.99 c 1.54 d* -56
E. acoroides 4.35 a* 3.59 b 3.23 bc 2.70 cd 2.21 d* -49
Bira T. ciliatum 1.79 a* 1.69 a 1.59 ab 1.47 bc 1.32 cd 1.26 de 1.20 de 1.10 e* -39
Gazi MM T. ciliatum 1.55 a 1.57 a 1.70 a 1.75 a 1.72 a 1.59 a 1.48 a 1.40 a ns
Gazi MS T. ciliatum 1.68 ab 1.87 a 1.91 a* 1.78 ab 1.81 ab 1.69 ab 1.66 ab 1.51 b* -21
Gazi CS T. ciliatum 1.85 ab 2.11 a* 2.08 a 1.93 ac 1.85 ab 1.71 bc 1.51 bd 1.25 d* -41
Medes Islands P. oceanica 1.86 a* 1.53 b 1.39 bc 1.21 bc 1.11 c* -40
Zandkreek Z. marina 3.21 a* 3.13 ab 2.94 ac 2.89 ac 2.79 bc 2.80 bc 2.59 c 2.61 c* -19
Lake Veere Z. marina 2.36 a 2.18 a 2.01 a 1.89 a 1.92 a 1.80 a ns
C: phosphorus
Barang Lompo T. hemprichii 0.33 a* 0.23 b 0.18 b 0.17 b* na -48
E. acoroides 0.31 a* 0.25 ab 0.20 bc 0.17 bc 0.13 c* -58
C. rotundata 0.26 a* 0.22 ab 0.16 bc 0.09 c* -65
Gusung Tallang T. hemprichii 0.38 a* 0.24 b 0.16 c 0.13 c* -66
E. acoroides 0.47 a* 0.42 ab 0.37 b 0.27 c 0.22 c* -53
Bira T. ciliatum 0.27 a* 0.25 a 0.23 a 0.18 b 0.14 bc 0.15 bc 0.12 c 0.13 c* -52
Gazi MM T. ciliatum 0.16 a 0.17 a 0.15 a 0.14 a 0.13 a 0.12 a 0.11 a 0.11 a ns
Gazi MS T. ciliatum 0.15 a 0.16 a 0.15 a 0.13 a 0.13 a 0.11 a 0.10 a 0.10 a ns
Gazi CS T. ciliatum 0.19 a* 0.18 a 0.16 ab 0.14 bc 0.13 bcd0.12 cd 0.10 cd 0.09 d* -53
Medes Islands P. oceanica 0.14 a* 0.12 ab 0.08 ab 0.07 b 0.07 b* -50
Zandkreek Z. marina 0.38 a* 0.33 ab 0.28 c 0.26 c 0.25 c 0.26 c 0.25 cb* -34
Lake Veere Z. marina 0.40 a* 0.31 b 0.25 c 0.23 c 0.23 c* -43
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RESULTS
The C, N and P concentrations (percentage of dry weight) in the different age categories (leaf 
numbers) of seagrass leaves are shown in Table 5.2. Changes in nutrient concentration in the course 
of leaf development were tested using one-way ANOVA followed by a Tukey post-hoc comparison. 
The carbon concentration showed the smallest changes. A decline occurred in Thalassia hemprichii 
(Barang Lompo and Gusung Tallang) and in Enhalus acoroides (Gusung Tallang), varying between 
11 and 24% (Table 5.2 A). In the other cases, no significant change was observed. Apart from 
Thalassodendron ciliatum (Gazi MM) and Zostera marina (Lake Veere), the nitrogen concentration 
declined significantly, varying between 19 and 58% (Table 5.2 B). The phosphorus concentration did 
not change significantly in Thalassodendron ciliatum (Gazi MM and MS); in all other investigated 
situations a significant decline was observed, varying between 34 and 66% (Table 5.2 C).
The biomass development of intact leaves of the different seagrass species is presented in Fig 5.1. 
In addition, Fig 5.1 A - F (Indonesian species) also show the biomass of successive leaf numbers 
when natural fragmentation and detachment are taken into account. Using the fitted biomass curves 
shown in Fig 5.1 and the data on C, N and P concentrations shown in Table 5.2, we calculated the 
total C, N and P content in the different age categories of the leaves of each species (Table 5.3). The 
results were used to calculate the physiological resorption (%R), according to Eq. 2. Significant 
carbon resorption apparently did not occur in any one of the investigated seagrass species, not even 
in cases of a significant decline in the carbon concentration during leaf development (Tables 5.2 A,
5.3 A). This may be expected as a major part of the carbon will have been fixed in cell wall 
structures, from which resorption does not occur. The resorption of nitrogen ranged between 3.8 
and 29%, and the resorption of phosphorus ranged between 0 and 51% (Table 5.3 B, C). However, 
the resorption of these nutrients was not significant in all cases. Only for Cymodocea rotundata, 
Thalassia hemprichii (Barang Lompo and Gusung Tallang), Enhalus acoroides (Gusung Tallang), 
Thalassodendron ciliatum (Gazi CS) and Posidonia oceanica was N-resorption significant. 
Significant P-resorption was demonstrated for Cymodocea rotundata, the seagrasses at Gusung 
Tallang, Thalassodendron ciliatum (Bira) and Thalassodendron ciliatum (Gazi CS).
The values on resorption efficiency presented in Table 5.3 were calculated using modelled leaf 
biomasses, which were based on weight measurements of intact leaves. Although this approach gives 
a good indication of the physiological resorption capabilities of a seagrass species, it does not fully 
reflect the natural situation as premature leaf fragmentation and detachment is not taken into 
account. The calculation of nutrient resorption efficiency based on the biomasses of intact leaves 
includes resorption from a considerable part of the leaf biomass which, in the natural situation, may 
have been lost before the resorption process is completed. The more detailed study of the Indonesian 
seagrasses shows that natural mixtures of older leaves have a much lower average biomass than their 
modelled weight, which was calculated on the basis of intact leaves only (Fig 5.1 A - F). 
Consequently, the actual resorption efficiency (%R) is substantially lower than the physiological 
resorption efficiency (%R). We calculated that as a result of fragmentation and premature 
detachment only between 50 and 77% of the physiological resorption potential is actually realised 
(Table 5.4).
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Table 5.3. Total average carbon (A), nitrogen (B) and phosphorus (C) content of the successive leaf numbers of each 
of the investigated seagrass species (mg leaf-1). Values based on C-, N- and P-concentrations of three replicate pooled 
leaf samples and fitted biomasses of intact leaves. Resorption efficiency (%R) was calculated as described in ‘Materials 
and Methods’, using Eq. 2. Where appropriate, resorption efficiency was statistically tested for each nutrient and each 
species using the data of all age categories in a one-way ANOVA followed by a Tukey post-hoc comparison between 
the nutrient content of the leaf number and the highest nutrient content with the nutrient content of the oldest leaf 
(marked with *). If the difference was significant (p < 0.05), the p-value is given. ns: not significant; na: not analysed
Site Species Leaf number %R p
1 2 3 4 5 6 7 8
A: carbon
Barang Lompo T. hemprichii 6.47 10.03 12.15 13.91 na na -
E. acoroides 45.90 77.65 102.4 136.3 145.4 0 -
C. rotundata 5.33 7.74 8.43* 8.01* 5.0 ns
Gusung Tallang T. hemprichii 10.13 14.31 14.94 15.13 0 -
E. acoroides 46.68 71.58 86.13 91.18 98.07 0 -
Bira T. ciliatum 4.58 7.66 9.84 11.42 11.69 12.97 13.13 13.42 0 -
Gazi MM T. ciliatum 4.09 7.06 9.25 11.83 13.37 14.21 15.34 16.96 0 -
Gazi MS T. ciliatum 5.70 10.48 14.08 17.02 19.68 20.76 22.50 25.21 0 -
Gazi CS T. ciliatum 6.29 10.39 12.37 12.79 13.33 13.84* 13.64 13.62* 1.6 ns
Medes Islands P. oceanica 18.60 21.15 22.10* 21.39 21.93 0.8 ns
Zandkreek Z. marina 2.09 3.32 4.06 4.50 4.75 4.84 4.94 4.94 0 -
Lake Veere Z. marina 3.45 5.38 6.45 6.88 7.34 7.34 0 -
B: nitrogen
Barang Lompo T. hemprichii 0.54 0.70 0.71 0.72* 0.59* 18 0.044
E. acoroides 3.06 4.73 6.12 7.31* 6.30* 14 ns
C. rotundata 0.32 0.48* 0.43 0.38* 20 0.002
Gusung Tallang T. hemprichii 0.93 1.12* 0.97 0.81* 28 0.001
E. acoroides 5.77 7.79 8.75* 8.25 7.23* 17 0.023
Bira T. ciliatum 0.21 0.33 0.40 0.43* 0.41 0.42 0.41 0.38* 9.8 ns
Gazi MM T. ciliatum 0.16 0.29 0.41 0.50 0.55* 0.54 0.54 0.52* 4.1 ns
Gazi MS T. ciliatum 0.24 0.48 0.66 0.75 0.86 0.87 0.91* 0.87* 4.1 ns
Gazi CS T. ciliatum 0.30 0.53 0.62 0.63 0.63* 0.60 0.54 0.45* 29 0.001
Medes Islands P. oceanica 0.84 0.85* 0.80 0.71 0.64* 24 0.023
Zandkreek Z. marina 0.18 0.29 0.33 0.36 0.37 0.38* 0.36 0.37* 3.8 ns
Lake Veere Z. marina 0.23 0.33 0.36 0.37 0.40* 0.38* 3.8 ns
C: phosphorus
Barang Lompo T. hemprichii 0.055 0.063 0.065 0.067 na na -
E. acoroides 0.41 0.57 0.62 0.64* 0.56* 12 ns
C. rotundata 0.036 0.044* 0.035 0.021* 51 0.013
Gusung Tallang T. hemprichii 0.10* 0.099 0.076 0.069* 31 0.003
E. acoroides 0.62 0.91 0.99* 0.83 0.71* 29 0.017
Bira T. ciliatum 0.032 0.050 0.058* 0.052 0.045 0.048 0.042 0.040* 30 0.004
Gazi MM T. ciliatum 0.016 0.031 0.037 0.041 0.043* 0.041 0.040 0.042* 2.3 ns
Gazi MS T. ciliatum 0.022 0.042 0.053 0.054 0.061* 0.056 0.055 0.058* 5.7 ns
Gazi CS T. ciliatum 0.030 0.046 0.049* 0.045 0.043 0.041 0.034 0.033* 33 0.005
Medes Islands P. oceanica 0.061 0.067* 0.049 0.043 0.043* 35 ns
Zandkreek Z. marina 0.022 0.031 0.031 0.032 0.034 0.035 0.035 0 -
Lake Veere Z. marina 0.039 0.046 0.045 0.047 0.048 0 -
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Table 5.4. Comparison of the physiological resorption efficiency (%R, see Table 5.3) and the actual resorption 
efficiency calculated taking fragmentation and premature detachment of leaves into consideration (%R", calculated 
using Eq. 3), for the Indonesian seagrass species. Percentage (physiological) resorption realized is calculated as 
100%x (%R'/%R). na: not analysed
Site Species
N
i
P N
i
P
% resorption 
realized
Barang Lompo Thalassia hemprichii 18 na 10 na 56
Enhalus acoroides 14 12 8.1 7.3 57
Cymodocea rotundata 20 51 10 26 50
Gusung Tallang Thalassia hemprichii 28 31 20 24 76
Enhalus acoroides 17 29 11 19 65
Bira Thalassodendron ciliatum 9.8 30 7.6 23 77
DISCUSSION
Nutrient resorption
The present results show that the concentrations of nitrogen and phosphorus in the leaves of all of 
the investigated seagrass species decrease with increasing leaf age. There is, however, a considerable 
variation in this decline, both within as well as among species. The significant declines we found for 
the leaf nitrogen concentration (19 to 58%) are lower than the 70% decline reported for Thalassia 
testudinum (Patriquin, 1972), but in the same range as earlier reported for Zostera marina (20 to 
25%: Harrison and Mann, 1975; 21%: Thayer et al., 1977; 20 to 80%, depending on the season: 
Pedersen and Borum, 1993) and Posidonia oceanica (25 to 40%: Alcoverro, 1995). In the present 
study, the decline in the leaf phosphorus concentration was between 34 and 66%. The 40% P- 
concentration decline in Amphibolis antarctica (derived from Walker and McComb, 1988) and the 
30 to 40% decline found for Posidonia oceanica (Alcoverro, 1995), are within this range. The 
contribution of carbon to total leaf weight remains more stable during the development and ageing of 
the leaves. Changes in the %C were only significant in three cases and varied up to 24% decline, 
which is not much different from literature values for Zostera marina (20 to 25% decline: Harrison 
and Mann, 1975; 36% decline: Thayer et al., 1977) and Posidonia oceanica (5 to 17% decline: 
Alcoverro, 1995). Fixed to an important degree in structural components, carbon is expected to be 
less mobile in senescent leaves than other elements, which may explain the relatively constant tissue 
concentration (Dawes and Lawrence, 1979; Thayer et al., 1984).
A decline in the tissue nutrient concentration does not necessarily imply that nutrients are actually 
resorbed. The tissue concentration may decline during the development of leaves, but if leaves are 
still growing, the total nutrient content of a leaf (the resultant of tissue concentration and leaf 
biomass) may still increase. The nutrient resorption efficiency in seagrasses in this study is up to 28% 
(average 15%) for nitrogen and up to 51% (average 21%) for phosphorus. Compared to terrestrial 
plants, these values are remarkably low; in a review, Chapin and Kedrowski (1983) reported values 
of up to 79% (average 52%) for nitrogen and up to 90% (average 43%) for phosphorus.
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Effective nutrient resorption could be an important mechanism to decrease the plants’ dependence 
on external input of nutrients in nutrient-poor environments (Chapin, 1980). Several studies of 
terrestrial and salt marsh plants have reported a negative relation between resorption efficiency and 
environmental nutrient levels (Broerner, 1984; Shaver and Melillo, 1984; Lajtha, 1987; Chapin and 
Moilanen, 1991; Li et al., 1992). In general, nutrient resorption in terrestrial plants is proportionally 
larger in less fertile environments than in fertile soils (Chapin, 1988). The nutrient concentrations in 
seagrass leaves are usually positively correlated with environmental nutrient levels (e.g. Fourqurean 
et al. 1992). Duarte (1990) reviewed the literature data on N- and P-concentrations in seagrass 
leaves and reported 1.8% N and 0.20% P (% dry weight) as median values for these nutrients. We 
divided the seagrasses investigated in the present study according to these reference concentrations 
(total plant averages). There was no evidence for a difference in resorption efficiency between 
seagrasses with a low (< 1.8% N and < 0.20% P) and seagrasses with a high (> 1.8% N and > 0.20% 
P) leaf nutrient concentration (ANOVA; p = 0.788 and 0.342 for N and P, respectively). When 
individual species are considered, however, in some cases a positive relation between the nutrient 
concentration of leaves and the percentage resorption is found, which (assuming that the higher 
nutrient levels in the leaves coincide with higher environmental nutrient levels) is in contradiction 
with the observations that in terrestrial plants the resorption efficiency is larger in less fertile 
environments. The average N- and P-concentrations in leaves of Enhalus acoroides and the average 
N-concentration in leaves of Thalassia hemprichii are significantly higher at Gusung Tallang than at
Table 5.5. Average nitrogen (A) and phosphorus (B) concentrations (± 1 sd, n = 3) in seagrass leaves in relation to 
nutrient resorption efficiency. Concentrations calculated as the sum of N- or P-contents in all leaf classes, divided by 
the summed biomass (g dry weight) of those leaf classes, for each species. Seagrasses are sorted according to a 
decreasing %R within each species
Nutrient Site Species average
concentration
%R
A: nitrogen Gusung Tallang Thalassia hemprichii 2.26 i  0.07 28
Barang Lompo Thalassia hemprichii 1.97 i  0.12 18
Gusung Tallang Enhalus acoroides 3.02 i  0.09 17
Barang Lompo Enhalus acoroides 1.86 i  0.09 14
Gazi CS Thalassodendron ciliatum 1.76 i  0.05 29
Bira Thalassodendron ciliatum 1.37 i  0.03 9.8
Gazi MS Thalassodendron ciliatum 1.72 i  0.05 4.1
Gazi MM Thalassodendron ciliatum 1.59 i  0.07 4.1
Zandkreek Zostera marina 2.82 i  0.07 3.8
Lake Veere Zostera marina 1.98 i  0.11 3.8
B: phosphorus Gusung Tallang Enhalus acoroides 0.32 i  0.02 29
Barang Lompo Enhalus acoroides 0.19 i  0.02 12
Gazi CS Thalassodendron ciliatum 0.13 i  0.01 33
Bira Thalassodendron ciliatum 0.17 i  0.01 30
Gazi MS Thalassodendron ciliatum 0.12 i  0.01 5.7
Gazi MM Thalassodendron ciliatum 0.13 i  0.01 2.3
Zandkreek Zostera marina 0.28 i  0.01 0
Lake Veere Zostera marina 0.27 i  0.01 0
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Barang Lompo, which coincides with a higher resorption efficiency (Table 5.5). The explanation may 
be that a large internal nutrient pool may coincide with a smaller fraction of nutrients being fixed in 
structural cell components that are less accessible to hydrolysis and resorption (Lajtha, 1987; 
Pedersen and Borum, 1993; Pugnaire and Chapin, 1993). However, not in all cases was a positive 
relationship between leaf nutrient concentrations and resorption efficiency found. Although the 
average nitrogen concentration in leaves of Zostera marina is significantly higher in the Zandkreek 
population than in the Lake Veere population, there is virtually no difference in resorption efficiency. 
Similarly, the relation between the average N- and P-concentrations in leaves of Thalassodendron 
ciliatum and the resorption efficiency is not straightforward. A lack of consistency seems a common 
phenomenon in terrestrial studies as well. Chapin (1980, 1988) indicated that terrestrial plants of 
nutrient-poor environments have several other effective strategies to overcome periods of nutrient 
stress, such as luxury consumption, reduced growth rates, increased leaf longevity, reduced leaching 
and nutrient uptake by leaves. Often, one or more of these strategies co-occur with nutrient 
resorption (Chapin, 1980; Li et al., 1992; Reich et al., 1992). It is likely that different species make 
use of different strategies, or that a species switches between strategies, which could coincide with 
variations in the resorption efficiency between species. Comparison between species, and even within 
species, are therefore best made with caution.
Data evaluation
We calculated the physiological resorption efficiency based on the tissue nutrient concentrations 
of the oldest leaf. This leaf is, however, still attached to the plant, which may imply that the process 
of resorption has not been completed. As an alternative, we could have used the tissue contents of 
freshly detached detritus. However, in the early stages of decay, especially in the tropics, rapid 
changes in the nutrient contents occur. This can either be an initial accumulation, as has been 
repeatedly reported for nitrogen (Fenchel, 1977; Godshalk and Wetzel, 1978; Kenworthy et al., 
1987), but also a rapid decline caused by increased leaching (Swift et al, 1979). Because of the 
questionable nutrient contents of detritus, we decided not to use this material, but we are aware of 
the fact that our data on physiological resorption efficiency may be slight underestimations.
Our data on nutrient resorption are based on single sampling campaigns. Due to seasonal changes 
in nutrient demand, especially in temperate regions (changing temperature and light conditions; 
Duarte, 1989), the intra-annual variation in nutrient resorption may be considerable. We did not find 
evidence for nitrogen resorption in Zostera marina, while Borum et al. (1989) and Pedersen and 
Borum (1992, 1993) reported 12 to 27% resorption on an annual basis. They did, however, indicate 
that reclamation decreased dramatically in July and onwards, which coincides with the period when 
our samples were taken. Although the seasonal dynamics of seagrasses in tropical and subtropical 
areas is usually much less than in temperate regions (Duarte, 1989), also our data on tropical species 
may not be representative as annual means. Extrapolations on the contribution of nutrient resorption 
in meeting annual requirements should therefore be made with caution.
Our results, furthermore, show that the calculation of resorption efficiency based on the 
biomasses of intact leaves was 23 to 50% larger than the actually realised resorption. Premature loss 
of leaves and leaf fragments may therefore substantially interfere with the resorption process, making 
it less effective. The magnitude of loss of leaves or leaf fragments is to a large extent determined by 
species’ characteristics and the physical conditions of the habitat. Robust species show less 
fragmentation, as is also the case for species that are less favoured by herbivores (e.g.
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Thalassodendron ciliatum). Fragile, elongated leaves of fast-growing species are relatively easily 
detached (e.g. Cymodocea rotundata; Stapel et al, 1996b) and usually favoured by herbivores 
(Erftemeijer et al., 1993c; Preen, 1995). Seagrasses growing in intertidal habitats, which frequently 
emerge, may also experience fragmentation as a result of desiccation stress (Van Lent et al, 1991; 
Erftemeijer and Herman, 1994; De Iongh et al., 1995; Stapel et al., in press).
In climax species such as Thalassia hemprichii, Enhalus acoroides, Thalassodendron ciliatum 
and Posidonia oceanica, leaf production accounts for 90 to 95% of the total nitrogen and 
phosphorus demand (Brouns, 1985a; 1985b; Erftemeijer et al., 1993a; Pergent et al., 1994; Pergent­
Martini et al., 1994). In these species, the resorption efficiency established in the leaves, therefore, is 
virtually equal to the percentage of the total plant nutrient demand which can be met by internal 
reclamation. In other species, such as Cymodocea rotundata and Zostera marina, below-ground 
production can be substantial in comparison to leaf production (Nienhuis and De Bree, 1977; 
Erftemeijer et al., 1993a; Van Lent and Verschuure, 1994b), which implies that the percentage of the 
total plant nutrient demand that can be met by internal reclamation from senescent leaves will be 
considerably lower than the resorption efficiency reported in this study. Obviously, it is true for all 
species that in expanding clones, the contribution of nutrient resorption to total plant demand will 
also be lower than the reported resorption efficiency.
Conclusion
We conclude that nutrient resorption from senescent leaves may play a role in the nutrient balance 
of seagrasses. However, our findings suggest that the contribution of internal reclamation to annual 
nutrient demands may be less important than previously assumed (Patriquin, 1972; Hemminga et al., 
1991; Pedersen and Borum, 1993). On average, the seagrasses investigated in the present study are 
physiologically capable of resorbing 15 and 21% of their maximum nitrogen and phosphorus leaf 
content, respectively. Due to fragmentation and premature detachment of leaves, however, only part 
of this potential is actually realised under natural conditions (e.g. on average only 64% in Indonesian 
seagrass species). We estimate, therefore, that nutrient reclamation from senescent seagrass leaves 
reduces the nutrient requirements for seagrass leaf production by approximately 10% for nitrogen 
and 15% for phosphorus. In relation to total plant demands, these figures may even be lower, 
dependent on clonal expansion and the importance of below-ground production relative to leaf 
production.
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6. Nutrient uptake by leaves and roots of the seagrass Thalassia 
hemprichii in the Spermonde Archipelago, Indonesia
Johan Stapela, Thelma L. Aartsb, Bert H.M. van Duynhovenb, Jacqueline D. de Grootb, Paul H.W. 
van den Hoogenb and Marten A. Hemmingaa
ABSTRACT
The kinetics of ammonium and phosphate uptake by leaves and roots of the tropical seagrass 
Thalassia hemprichii were investigated in laboratory experiments. Uptake in leaves of plants from 3 
different locations, covering the range from coastal to oceanic conditions in the region of 
investigation (Spermonde Archipelago, South Sulawesi, Indonesia), was compared. The leaves from 
all plant samples showed a clear capacity for both ammonium and phosphate uptake. This uptake 
could be described by Michaelis-Menten kinetics. vmax ranged between 32 and 37 mmol g-1 leaf dry 
weight h-1 for ammonium and between 2.2 and 3.2 mmol g-1 leaf dry weight h-1 for phosphate. Km 
ranged between 21 and 60 mM for ammonium and between 7.7 and 15 |mM for phosphate. There was 
no significant site difference in uptake characteristics (vmax and Km) of ammonium and phosphate. 
Uptake of ammonium and phosphate by roots was investigated with plants from the intermediate 
location, Barang Lompo, using an approach which allowed only calculation of uptake rates at natural 
pore water concentrations. Uptake rates were 22 and 1.0 mmol g-1 root dry weight h-1 for ammonium 
and phosphate, respectively. Calculations suggest that at all 3 locations uptake of ammonium and 
phosphate by the roots was probably limited by the diffusion of nutrients in the sediment rather than 
by their uptake capacity. Evidence was found that the availability of nutrients in the root zone 
relative to the leaf zone affects the uptake affinity of the leaves. The role of roots versus leaves in 
supplying plant nutrients is discussed. We concluded that even in the tropics, where water column 
nutrient concentrations are often very low, leaves clearly have a significant ability for ammonium or 
phosphate uptake and that in some situations nutrient uptake by the leaves may even be essential in 
meeting plant nutrient demands.
"Netherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
bCatholic University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
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INTRODUCTION
Seagrass beds are widespread in shallow coastal waters around the world, except for the polar 
regions (Den Hartog, 1970). They rank among the most productive submerged aquatic ecosystems 
(Zieman and Wetzel, 1980; Larkum and West, 1983; Hillman et al., 1989). To maintain this 
production, an adequate nutrient availability is essential. However, seagrass beds are open systems 
and various processes common to the dynamic conditions of their habitat may lead to nutrient loss. 
The persistence of seagrass meadows depends on mechanisms that replenish these lost nutrients. 
Among others, nutrient uptake by leaves is considered as a process which contributes to 
compensation of nutrient losses (see review by Hemminga et al., 1991).
Seagrasses are able to take up nutrients from both the interstitial water of the sediment and the 
ambient water column. Leaves have a much higher turnover than roots and rhizomes, and contain 
more nitrogen and phosphorus relative to carbon (Erftemeijer et al., 1993a). Hence, it can be 
assumed that most of the nutrients derived from mineralised biomass originate from the leaves. 
Consequently, the major part of the nutrients resulting from decomposition of dead seagrass tissue 
may be released in the water column, although burial of deposited seagrass leaves and leaf fragments 
in the sediment (by bioturbation) could to some extent restrict this amount. Traditionally, it is 
assumed that nutrient uptake by roots of aquatic weeds dominates over uptake by leaves (i.e. 
Carignan and Kalfff, 1980). Several studies, however, indicate that nitrogen uptake by leaves can 
contribute considerably to the total nitrogen uptake of seagrasses (30 to 90%: Iizumi and Hattori, 
1982; Short and McRoy, 1984; Hemminga et al., 1991; 1994b; Pedersen and Borum, 1992; 1993). 
Tropical seagrass beds are characterised by high productivity at low ambient nutrient concentrations 
in the water column and relative high nutrient concentrations in the pore water (Brouns and Heijs, 
1986b; Lindeboom and Sandee, 1989; Nienhuis et al., 1989; Erftemeijer et al., 1993a). We are not 
aware of any published data concerning the uptake capabilities of leaves and roots of tropical 
seagrasses. One would expect that these seagrasses rely mainly on the root system for nutrient 
uptake considering the very low nutrient concentrations in the water column compared to the pore 
water. Viewed from this perspective, uptake capabilities of leaves of tropical seagrasses may not be 
strongly developed. On the other hand, such a capability could be important for the reduction of 
system nutrient losses: nutrients diffusing from the sediment or released from leaves decomposing in 
the water column could be recaptured (Hemminga et al., 1991; Pedersen and Borum, 1993).
In this study, the kinetics of ammonium and phosphate uptake by leaves and roots of the tropical 
seagrass Thalassia hemprichii (Ehrenb.) Aschers. were investigated. Plants from 3 locations, which 
are representative of coastal to oceanic field conditions in the research area, were compared. Uptake 
o f ammonium was studied as a preference of ammonium over nitrate uptake in seagrasses is 
indicated by data of Doddema and Howari (1983), Short and McRoy (1984) and Hemminga et al. 
(1994b), even at a relatively high nitrate:ammonium concentration ratio. Data of Erftemeijer (1994) 
indicate that at the 3 sites relevant for this study, ammonium is the dominant form of inorganic 
nitrogen in both pore water (ca. 20 x higher ammonium concentration) and the water column (2 to 4 
x higher ammonium concentration).
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MATERIALS AND METHODS 
Study area
Thalassia hemprichii (Ehrenb.) Aschers. was collected from 3 locations in the Spermonde 
Archipelago along the west coast of South Sulawesi, Indonesia (Fig 1.1). This archipelago consists 
of a large group of coral islands and submerged reefs distributed on the Spermonde continental shelf 
(De Klerk, 1982). The reef flats of most of the islands and the shallow areas along the coast are 
covered with seagrass beds (Erftemeijer et al., 1993a). The 3 selected locations represent contrasting 
field sites. The intertidal mudflat of Gusung Tallang is located approximately 5 km north of Ujung 
Pandang. It is characterised by riverine inputs from the nearby mouth of the Telo creek. The 
sediment consists of sandy terrigenous mud and contains about 11 % CaCO3. It is protected from 
waves and currents by long, narrow sandbars perpendicular to the coast. Well developed, mixed (7 
species) seagrass beds occur between these sandbars. The other field sites, Barang Lompo and 
Langkai, are both coral islands surrounded by large intertidal reef flats with extensive multi (6 to 7) 
species seagrass vegetations. The reef flats consist of relative coarse carbonate sand and coral rubble 
(93 to 100% CaCO3; Erftemeijer, 1994). Barang Lompo is located approximately 14 km off the 
coast, whereas Langkai is situated at the shelf edge, 40 km off the coast. The latter site is 
characterised by clear ocean water, relatively strong unidirectional currents and a relatively strong 
wash of the waves. The reef flat of Barang Lompo lacks conspicuous river or oceanic influences. 
Only in the peak of the wet season (January - February) may terrestrial inputs reach this island. The 
water above the seagrass beds of Gusung Tallang is relatively turbid, compared to Barang Lompo 
and Langkai, as is demonstrated by a much lower secchi depth at Gusung Tallang (1.2 m) than at the 
other sites (18 to 20 m). There is also a difference in epiphyton loads on the seagrasses. At Gusung 
Tallang, other species were found on the leaves, with a higher total biomass (Erftemeijer, 1994; 
Sterrenburg et al., 1995). However, seagrasses occur in approximately the same densities at all 3 
locations (ca. 1000 shoots m-2) and are of comparable size.
Nutrient parameters
Surface water was sampled in opaque bottles and transported on ice (four replicate samples at 
each sampling date). After filtration (Whatmann GF/C), the dissolved inorganic ammonium and 
phosphate contents of the samples were determined colorimetrically according to Strickland and 
Parsons (1972) using a Nanocolor 100 D-MN filter photometer.
Sediment samples were taken with small hand corers (diameter 6 cm) to a depth of 10 to 14 cm. 
This depth covers the total root zone of Thalassia hemprichii: the roots of this species normally do 
not extend deeper than 8 to 10 cm. Each core was separated into 2 cm sections. The corresponding 
sections of 6 successive cores were combined and treated as 1 sample. Two series of 6 cores were 
collected at each sampling occasion, representing 2 replicates. These samples were transported on 
ice in sealed plastic bags for further treatment in the laboratory. Within 6 h after sampling, plant 
parts, shells and large stones were removed and pore water was subsequently extracted by filtration 
over membrane filters (Schleicher and Schüll; 0.45 mm) under maximum 1 atm. effective pressure 
using nitrogen gas (Kelderman, 1985). Subsequently, dissolved inorganic ammonium and phosphate 
in the pore water were analysed.
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Experimental methods
General: Clumps of Thalassia hemprichii were dug out at Gusung Tallang, Barang Lompo and 
Langkai. These clumps were separated into units (hereafter referred to as plants) composed of a 
shoot, a piece of rhizome (approximately 2 to 3 cm) and intact roots. After transport to the 
laboratory, epibiota were gently wiped from the leaves and dead and senescent tissue was removed. 
In the case of experiments on root uptake, the roots were carefully rinsed with sea water to remove 
as much adherent sediment as possible. Plants of approximately the same size (comparable leaf and 
root dimensions) were selected and kept in natural sea water at ambient temperature until incubation 
the next day. At the start of an experiment, plants were placed in cylindrical plexiglas 2-compartment 
incubation vessels (3 plants per vessel). In these incubation vessels the leaves were separated from 
the roots/rhizome by a perforated synthetic disk. Leakage between the 2 compartments was 
prevented by application of silicone and a low-melting-point wax. The upper (leaf) and the lower 
(root/rhizome) compartment had volumes of 400 and 200 ml, respectively (diameter of the 
incubation cylinder: 6 cm; length of the compartments: 20 and 7 cm, respectively). The 
compartments were filled with filtered sea water (Whatmann glassfiber GF/C) enriched with various 
levels of ammonium (NH4Cl) and phosphate (KH2PO4). Initial concentrations were calculated. 
Caffeic acid (1 mg l-1) was added to prevent bacterial growth (Hemminga et al., 1994b). Prior to the 
incubation, the medium of the root compartment was flushed with nitrogen gas to create a low 
oxygen environment. During the experiment, the root compartment was screened from light and its 
medium was mixed by magnetic stirring, whereas the medium in the leaf compartment was flushed 
gently with air bubbles. The incubation vessels were kept at a constant temperature (28oC) in a 
thermostated waterbath. Six strip lights (Philips TLD 18W/33) provided approximately 200 |iE  m-2 
s-1 (PAR) at plant level. The leaf compartments were open at the top; but, in order to allow 
manipulation of the root compartments, the root compartments were provided with 2 injection ports 
through which exchange was possible. Medium for the root compartment was sampled by slow 
injection sea water medium into the lower injection port, which pushed medium out through the 
upper injection port. The outflowing medium was collected in a test tube after the first ml was 
discarded. During sampling the medium was not stirred.
At the end of an incubation, 10 ml phenol red dye (0.1 mg ml-1) was added to the leaf 
compartment to check for leakage. If, after at least 1 hour, the dye could be shown colorimetrically 
(540 nm) in the root compartment, the results from the incubation vessel in question were omitted. 
After the incubations, leaves, roots and rhizomes were dried at 80oC for 24 hours and weighed. 
Nutrient concentrations in the incubation mediums and in the collected samples were measured 
colorimetrically as described above.
Uptake kinetics o f leaves: According to Short and McRoy (1984), the first 10 to 20 minutes of 
nutrient uptake experiments are characterised by an apparent high initial uptake. This is ascribed to 
the combined effects of the adsorption of ions onto the plant surface and the absorption of ions into 
the plant tissue. After this first phase, nutrients disappear from the medium by absorption only. In the 
present study, the nutrient uptake kinetics of leaves was examined with plants of which the 
adsorption complex was assumed to be saturated. To achieve saturation, plants and incubation 
vessels used in the uptake experiments were pre-incubated at 30 mM ammonium and 5 mM 
phosphate for 1 h.
Ammonium uptake experiments with leaves were carried out from April to June 1993. The 
experiments started with ammonium concentrations in the leaf compartment of 4, 30, 100 or 150 mM
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(experiments with plants from Barang Lompo), 75 or 150 |mM (plants from Gusung Tallang) and 30, 
100 or 150 mM (plants from Langkai). The initial ammonium concentration in the root compartment 
was always 30 mM. Phosphate uptake experiments with leaves were carried out from January to 
March 1994. The experiments started with initial phosphate concentrations of 5, 10, 20, 50 or 70 
mM (experiments with plants from Barang Lompo), 5, 10, 20 or 50 mM (plants from Gusung 
Tallang) and 5, 10, 20 or 50 mM (plants from Langkai). The initial root compartment phosphate 
concentration in these experiments was 10 mM. Blank chambers without plants but containing the 
initial mediums were incubated simultaneously. The media of the leaf compartments were sampled 
every hour (ammonium) or every 2 h (phosphate) until the nutrients were exhausted, with a maximal 
incubation time of approximately 10 h. The change in concentration (dS) during a time interval (dt), 
corrected for the changed volume after each sampling occasion, was used to calculate the uptake 
rate (v) at the average concentration over the dt in question. The effect of nutrient concentration (S) 
on nutrient uptake rate was modelled by the Michaelis-Menten equation (v=vmax x S x (S + Km)-1), 
where vmax represents the maximum uptake rate and Km the concentration where v = 0.5 vmax. This 
model is commonly used to describe nutrient uptake kinetics of higher (aquatic) plants (Iizumi and 
Hattori, 1982; Thursby and Harlin, 1982; 1984; Jungk, 1991; Nissen, 1991; Berges et al., 1994). The 
model, as it is presented here, does not take into account possible limitation caused by diffusion of 
nutrients through the unstirred layer (the boundary layer) around the leaves (Smith and Walker, 
1980). In this investigation, we studied uptake in well-mixed conditions. We therefore assumed that 
the importance of unstirred layers for nutrient uptake in our experiments was limited. The curves 
describing the relation between phosphate concentration and uptake rate had a positive intercept on 
the x-axis. Therefore a term representing the phosphate concentration at which net uptake is zero 
(Smin) was added to the Michaelis-Menten equation: v=vmax x (S - Smin) x (S - Smin + Km)-1 (Jungk, 
1991), giving the model a much better fit (R2). SYSTAT non-linear least square regression was used 
to fit the data to the uptake models and to calculate kinetic and statistical parameters.
Uptake kinetics o f  roots: We did not succeed in obtaining data on root uptake dynamics with the 
approach described for leaf uptake, as leakage between the 2 compartments after successive 
sampling of the root compartment could not be adequately avoided. Therefore a different 
experimental approach was followed, using incubation vessels of which the root compartment was 
sampled only once. These root uptake studies were executed in the period August to November 
1992, with plants collected at Barang Lompo only. In each experiment, incubations were each 
carried out in 9 vessels simultaneously. The plants used in this experiment were not pre-incubated. 
For the study of ammonium uptake, an initial ammonium concentration of 54 mM was used in the 
root compartment. This level is a good representation of the inorganic ammonium concentration 
found in the pore water surrounding the roots in our study area (Erftemeijer and Middelburg, 1993; 
Erftemeijer, 1994; this study). The initial ammonium concentration of the medium in the leaf 
compartment was 18 mM. For the study of phosphate uptake, the initial phosphate concentration in 
the root compartment was 6.5 mM (similar to the natural pore water phosphate concentration). The 
initial phosphate concentration in the leaf compartment was 6.5 mM as well. After t= 10, 15, 20, 30, 
45, 75, 120, 210 and 300 min, respectively, the medium of the root compartment of one of the 
incubation vessels was sampled in order to determine the remaining ammonium or phosphate 
concentrations. The incubations were repeated in three separate experiments; similar time samples 
were treated as replicates. The time series approach for root uptake (accumulation versus time) does 
not allow modelling of the data to the Michaelis-Menten equation (i.e. uptake rate versus substrate
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concentration). The uptake rates (mmol N or P g-1 root dry weight h-1) were calculated by 
differentiation of the mathematical relationship of accumulation versus time.
RESULTS
Nutrient parameters
The water column concentrations at Barang Lompo and Gusung Tallang shown in Table 6.1A are 
based on frequent sampling of these locations during the period August 1990 until August 1993 
(Erftemeijer, 1994; Erftemeijer and Herman, 1994; this study). Only figures of the same months as 
the ones during which the uptake experiments were carried out were used. The concentrations 
reported for Langkai are based on a limited set of samples obtained on 2 (ammonium) and 3 
(phosphate) occasions. At all locations, the inorganic water column concentrations of ammonium 
and phosphate are low (NH4+: 0.2 to 5.4 mM and PO43- < 1.2 mM; Table 6.1 A). The range of 
ammonium and phosphate concentrations in the water column at Barang Lompo and Gusung Tallang 
were similar. However, the average phosphate concentration was 2 times higher at Gusung Tallang 
than at Barang Lompo (0.6 and 0.3 mM, respectively), indicating that the phosphate concentration is 
usually higher at Gusung Tallang. The average values of the water column ammonium concentrations 
at Gusung Tallang and Barang Lompo were quite similar (2.6 and 2.2 mM, respectively). At Langkai, 
the average water column ammonium and phosphate concentrations were much lower (1.0 and 0.1 
mM, respectively) than at the other 2 locations.
Table 6.1. Nutrients in the water column and pore water at Gusung Tallang, Barang Lompo and Langkai. A: 
Concentration ranges and averages of inorganic ammonium and phosphate (mM) in the water column. B: Average 
concentrations of inorganic ammonium and phosphate (mM) over the total presented depth range (Fig 6.1). C: 
Concentration ratios (average water column:average pore water). *data given by Erftemeijer (1994). bdl: below 
detection limits. Averages ± standard deviation.
Gusung Tallang 
(coast)
Barang Lompo 
(intermediate)
Langkai 
(shelf edge)
A: water column
ammonium average 2.6 ± 1.9 (n=16) 2.2 ± 1.5 (n=91) 1.0 ± 0.50 (n=6)
range 0.6 - 5.4 0.8 - 5.3 0.2 - 1.6
phosphate average 0.6 ± 0.30 (n=16) 0.3 ± 0.21 (n=91) 0.1 ± 0.04 (n=18)
range 0.3 - 1.1 bdl - 1.2 0.1 - 0.2
B: pore water
ammonium 136 ± 7 (n=2) 60 ± 10 (n=2) 106± 1 1 (n=2)
phosphate 0.92 ± 0.49 (n=16) 5.5 ± 2.5 (n=31) 5.4*
C: average water column/average pore water ratio
ammonium 0.019 
phosphate 0.64
0.039
0.051
0.0094
0.022
Ammonium and phosphate concentrations in the pore water were much higher than in the water 
column. Pore water ammonium concentrations increased gradually with increasing depth at all 
locations (Fig 6.1). This increase was most pronounced at Gusung Tallang. The average ammonium
62
Chapter 6: Nutrient uptake
concentration in the pore water (to a depth of 12 cm) was highest at Gusung Tallang (136 |mM; Table 
6.1B). At Barang Lompo and Langkai the concentrations were 60 and 106 mM, respectively. The 
pore water phosphate concentrations showed a decrease in concentration with increasing sediment 
depth at Barang Lompo. At Gusung Tallang and Langkai, no gradients were observed. The average 
phosphate concentration in the pore water was lowest at Gusung Tallang (0.92 |mM; to a depth of 14 
cm). Barang Lompo and Langkai had approximately the same average concentration (5.5 and 5.4 
mM; to a depth of 12 and 10 cm, respectively).
Water column:pore water ratios were obtained by dividing the average water column 
concentrations by pore water concentrations averaged over the total core depth (Table 6.1C). With 
respect to ammonium, the ratio was highest (0.039) at Barang Lompo, indicating the relative 
importance of ammonium in the water column at this site, and lowest (0.0094) at Langkai. With 
regards to phosphate, the ratio was an order of magnitude higher at Gusung Tallang (0.64) than at 
Barang Lompo (0.051) and Langkai (0.022).
A Ammonium concentration (mM) B Phosphate concentration (mM)
Fig 6.1. Concentration (mM) of inorganic ammonium (A) and phosphate (B) in the pore water at Gusung Tallang (■), 
Barang Lompo (▲) and Langkai ( • )  in the upper 10 to 14 cm of the sediment. Bars represent one sd. For ammonium 
at all sites: n = 2. For phosphate at Gusung Tallang: n = 16; at Barang Lompo: n = 31; at Langkai*: n = 2 (*data 
supplied by Erftemeijer, 1994)
Uptake kinetics of leaves
Experiments with incubation vessels without plants (blanks) showed minimal fluctuations in 
medium ammonium and phosphate concentrations during incubations (the coefficient of variation of 
the various sets of values was around 5%). Furthermore, there was no statistical evidence for a 
decrease or increase of the ammonium or phosphate concentration with time. Therefore, blank 
measurements were not taken into account in the calculations of kinetic parameters.
Ammonium and phosphate uptake kinetics of leaves of Thalassia hemprichii from 3 different 
locations are presented in Figs 6.2 and 6.3. No difference was observed between curve profiles of 
uptake experiments from the same location but initiated at different concentrations or between curve
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Ammonium concentration (mM) Phosphate concentration (mM)
Figs 6.2 and 6.3. Ammonium and phosphate uptake rates (mmol g"1 dry weight h"1) by leaves of Thalassia hemprichii 
from Gusung Tallang, Barang Lompo and Langkai as a function of the ammonium and phosphate concentrations 
(mM) in the leaf compartments, respectively. The curves represent the best fits according to the Michaelis-Menten 
model (see Table 6.2 and Materials and methods ‘Uptake kinetics of leaves’ for explanation)
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profiles of experiments executed at different dates (different curves not shown), indicating that 
uptake was not influenced by feedback inhibition and that variation between experiments carried out 
at different dates was insignificant. Therefore, all data were combined for curve fitting according to 
the Michaelis-Menten equation. The resulting kinetic and statistical parameters are presented in 
Table 6.2. The estimates of the model parameters (Vmax and Km) show no significant difference 
between the 3 locations. The lack of significance is mainly due to the larger error distribution at 
higher concentrations. At a low (<Km) concentration range, the errors are much smaller. In this 
range, the 3 locations do not show a similar relationship between substrate and uptake rate. A good 
indication of the efficiency of nutrient uptake at low concentrations (the normal field situation) is the 
uptake affinity. Theoretically, the uptake affinity is given by vmax/Km. Here, we approximated affinity
by the initial slope of the v versus S
Table 6.2. Uptake of ammonium and phosphate by leaves of Thalassia 
hemprichii at three different locations. vmax (mmol g-1 dry weight h-1) 
and Km (|JM) for the uptake of ammonium and phosphate and Smin 
(intercept with x-axis; in |mM) for the uptake of phosphate, with 95% 
confidence limits (cl; asymptotic standard error) and R2 (Michaelis­
Menten model). The affinity is given by the slope of the linear 
regression lines (affinity model) calculated for uptake at low nutrient 
concentrations (0-20 mM for ammonium and 0-10 mM for phosphate).
The p-level of the regression coefficient and R2 of the affinity model 
are included.
Gusung Tallang Barang Lompo Langkai
Ammonium
Michaelis-Menten model
vm ax 35 32 37
95% cl 30 - 39 28 - 35 25 - 48
Km 28 21 60
95% cl 19 - 38 15 - 27 14 - 97
R2 0.888 0.829 0.866
affinity model
affinity 0.797 0.857 0.525
p-level <0.01 <0.01 <0.01
R2 0.935 0.866 0.796
Phosphate
Michaelis-Menten model
m^ax 2.2 2.5 3.2
95% cl 2.0 - 2.7 2.2 - 2.8 2.3 - 4.0
Km 7.7 11 15
95% cl 5.2 - 10 7.5 - 14 7.9 - 23
S'-''min 0.91 1.1 0.71
95% cl 0.60 - 1.2 0.76 - 1.5 -0.24 - 1.7
R2 0.781 0.709 0.837
affinity model
affinity 0.190 0.131 0.125
p-level <0.01 <0.01 <0.01
R2 0.869 0.612 0.778
curve (Button, 1978; Riegman and 
Mur, 1984; Short and McRoy, 1984). 
This initial slope was determined by 
linear regression of the uptake rates 
at low nutrient concentrations. The 
regression analysis was carried out 
for the ammonium uptake data in the 
range of 0 to 20 mM and for phos­
phate data in the range of 0 to 10 
mM. Covariance analysis revealed that 
leaves from Langkai have a signifi­
cantly (p < 0.05) lower affinity for 
ammonium than leaves from Barang 
Lompo and Gusung Tallang. Leaves 
from Gusung Tallang have a signifi­
cantly (p < 0.05) higher affinity for 
phosphate than leaves from the other 
2 locations. Linear regression to other 
data ranges revealed comparable re­
sults, if the upper concentration limit 
was not too high (a maximum of ca. 
Km) and the data set included a sub­
stantial number o f observations. The 
reported ranges revealed an accep­
table R2 and a significant regression 
coefficient (p < 0.01; Table 6.2) for 
all 3 sites.
In the case of phosphate uptake 
kinetics, the parameter representing 
the intercept on the x-axis (Smin) was 
around 1 mM phosphate at each loca­
tion (Table 6.2). This is the ambient 
phosphate concentration above which
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net phosphate uptake by leaves occurs.
Uptake kinetics of roots
Ammonium and phosphate taken up by the roots (expressed per gram dry weight) increased 
linearly with incubation time (Figs 6.4 and 6.5). During the course of the incubation, no indication of 
substrate limitation could be detected. The ammonium concentration declined by 34%, the phosphate 
concentration declined by 30%. In the case of phosphate, the decrease of medium concentration 
during the first 10 to 15 minutes was probable influenced to an important degree was by adsorption.
The data were fitted by linear regression. From the regression lines, uptake rates of 22 mmol g-1 
dry weight h-1 and 1.0 mmol g-1 dry weight h-1 can be derived for ammonium and phosphate, 
respectively. As the incubations were carried out at approximately natural nutrient concentration 
levels, these figures can be taken as an indication of uptake rates under natural conditions. The 
approach used did not allow determination of vmax, Km or affinity.
time (minutes) time (minutes)
Fig 6.4. Ammonium uptake (mmol g-1 dry weight) by 
roots of Thalassia hemprichii from Barang Lompo as a 
function of time. The initial ammonium concentrations 
were 18 and 54 |jM in leaf and root compartment, 
respectively. The regression line shown is described by 
the formula y = 0.37x + b (p < 0.01; R2 = 0.650; see 
‘uptake kinetics of roots’ for explanation)
DISCUSSION
Fig 6.5. Phosphate uptake (mmol g"1 dry weight) by 
roots of Thalassia hemprichii from Barang Lompo as a 
function of time. The initial phosphate concentration 
was 6.5 mM in both leaf and root compartment. The 
regression line shown is described by the formula y = 
0.017x + b (p < 0.01; R2 = 0.484; see ‘uptake kinet­
ics of roots’ for explanation)
The results of this study show that leaves of the tropical seagrass Thalassia hemprichii have the 
ability to absorb ammonium and phosphate. This uptake capacity is remarkable in view of the low 
nutrient resources in the water column compared to the much higher resources in the pore water. 
Why does Thalassia hemprichii possess this capacity? It suggests that roots lack the capacity to 
supply the total nutrient requirement. Maximum rates of nutrient uptake by roots are determined by 
the uptake capacity of the roots or by the rates of nutrient diffusion from porewater to the root 
surface. Which of these 2 processes is limiting can be determined by comparing the nutrient uptake 
of roots established in this study at in situ concentrations in stirred systems (Figs 6.4 and 6.5) with 
the estimated diffusion supply of nutrients in the natural sediment conditions. Diffusion from the pore 
water to the root surface can be calculated with Fick's first law of diffusion: Js=-f  x Ds. x (dS/dx),
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where J s is the nutrient flux in mmol cm-2 y-1, f  the porosity o f the sediment, Ds the molecular 
diffusion coefficient in the sediment for the diffusing substance in cm2 yr-1 and dS/dx the 
concentration gradient over the diffusion layer x  in mmol cm-3 cm-1. Ds and f  for Gusung Tallang and 
Barang Lompo are given by Erftemeijer and Middelburg (1993). Ds and f  for Langkai are derived 
from data given by Erftemeijer (1994) and Erftemeijer and Middelburg (1993). dS is the mean 
porewater concentration of ammonium and phosphate (‘bulk concentration’) given in Table 6.1B. 
The boundary (diffusion) layer thickness around roots (dx) is assumed to be approximately 1 mm, a 
commonly accepted value for oxygen, phosphate and ammonium distribution around roots of various 
plants, including seagrasses (Andersen and Kristensen, 1988; Moriarty and Boon, 1989; Caffrey and 
Kemp, 1991; Jungk, 1991; K. Buis, O. van Tongeren and T Cappenberg, unpubl.). The surface area 
o f roots of Thalassia hemprichii was established by measuring the diameter, length and biomass (g 
dry weight) of some individual roots. The diameter of the roots was approximately 0.5 mm. This 
does not include the dense layer of root hairs, covering the roots of Thalassia hemprichii. Normally, 
root hairs are only active in nutrient uptake for a limited period. This means that active root hairs are 
in particular found close to the root tips, where recently formed root hairs are present. After 
deterioration, resistant cell wall structures remain, whose function is merely anchorage (see reviews 
by Clarkson, 1991 and Hofer, 1991). We estimate that 1 g dry roots of Thalassia hemprichii has a 
surface area of approximately 83 cm2. Using the various figures, diffusion of ammonium to the root 
surface at Barang Lompo for example equals, according to Fick’s law: 0.53 x 376.2 x (6010-3/0.1) 
= 120 mmol cm-2 y-1, which allows a maximal possible uptake of: 120 mmol cm-2 y-1 x 83 cm2 g-1 root 
dry weight. This is equivalent to an uptake of 1.1 mmol N g-1 root dry weight h-1. The maximum 
(diffusion) supply of nutrients to Thalassia hemprichii roots at Barang Lompo can be compared with 
the uptake capacity of these roots as determined in the present incubation experiments. Diffusion 
may supply 1.1 mmol N g-1 root dry weigth h-1 and 0.041 mmol P g-1 root dry weigth h-1. This is 20 
and 24 times less than the uptake capacity of the roots at natural pore water nutrient levels (22 and 
1.0 mmol g-1 root dry weigth h-1, for N and P, respectively). The ammonium and phosphate uptake by 
roots therefore seems primarily dependent on diffusion limitations in the sediment and not on the 
uptake capacity of the roots. It is not impossible that the uptake capacity of roots as found in the 
experiments may have been below the normal in situ uptake capacity. Removal of sediment from the 
fragile roots, although executed with great care, undoubtedly caused damage to the roots and root 
hairs, resulting in a lower uptake capacity. Furthermore, during transport and incubation, the roots 
were exposed to environments with different oxygen levels, which may have disturbed their 
functioning.
If root uptake characteristics at Gusung Tallang and Langkai are approximately similar to those at 
Barang Lompo, it can be assumed that the diffusion supply at Gusung Tallang and Langkai are 
probably less than the uptake capacity of roots. Nitrogen and phosphorus demand for leaf growth 
(which represent 95% of the plant nutrient demand; derived from Erftemeijer et al., 1993a) can be 
estimated from leaf growth rates and leaf N and P contents. These figures are given for Thalassia 
hemprichii at Barang Lompo by Erftemeijer and Herman (1994) (measurements of March, April, 
May, June and July 1991, i.e. the months in which the uptake experiments were executed) and at 
Langkai by Stapel et al. (1996b) (measured once in January 1994). For Gusung Tallang, no figures 
are available. Root uptake, as enabled by diffusion supply, is calculated with Fick’s law using the 
average pore water nutrient concentrations from Table 6.1. In order to compare root uptake (which 
is calculated as nutrient diffusion to an equivalent of root biomass) with the plant’s nutrient demand
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and uptake by leaves (which are expressed per gram of leaf biomass), the figures on diffusion supply 
to roots are divided by the ratio of leafroot biomass (0.40 at Gusung Tallang and Barang Lompo 
and 0.36 at Langkai; Table 6.3). Except for the case of phosphate at Gusung Tallang (assuming that 
the phosphorus demand at this site is approximately similar to the demand at Barang Lompo and 
Langkai), roots alone seem to be able to meet total nitrogen and phosphorus demand, although the 
supply to these plant parts is limited by diffusion. It should be noted that the diffusion of nutrients to 
the surface area of rhizomes has been ignored in our calculation. It is known that rhizomes may 
absorb nutrients (Clarkson, 1991). Barnabas (1991, 1994), however, showed that for 2 other tropical 
seagrass species, also occurring in the vicinity of our research area (Thalassodendron ciliatum and 
Halodule uninervis), the main function of the below ground plant parts is probably anchorage and 
uptake is limited to young, growing roots near the rhizome tip. If this is true for Thalassia 
hemprichii as well, rhizome uptake may be insignificant and the active uptake surface may be even 
less than the root surface figure used for calculation of diffusion supply. Nutrient uptake by below 
ground plant parts may than be insufficient to meet total plant demands.
Table 6.3. Sediment parameters and Thalassia hemprichii root and leaf uptake and demand for nitrogen and 
phosphorus at Gusung Tallang, Barang Lompo and Langkai. Sediment parameters f  and Ds (cm2 y-1) derived from 
Erftemeijer (1994) and Erftemeijer and Middelburg (1993). Root uptake (mmol N or P g-1 leaf dry weight h-1) as 
determined by the maximum diffusion supply of nutrients to roots, calculated using Fick's first law of diffusion, 
divided by the leaf/root biomass ratio (0.4 at Gusung Tallang and Barang Lompo; 0.36 at Langkai; see ‘Discussion’ 
for explanation). Leaf uptake (mmol N or P g-1 leaf dry weight h-1) was calculated using the Michaelis-Menten (M-M) 
model (Figs 6.2 and 6.3; Table 6.2) for the lowest (low), average (avg) and highest (high) natural water column 
concentrations (Table 6 .1A). Demand (mmol N or P g-1 leaf dry weight h-1) derived from data given by Erftemeijer and 
Herman (1994) (Barang Lompo) and Stapel et al. (1996b) (Langkai). Values ± sd; nd: value not determined; n: 
number of observations; df: degrees of freedom.
Site Sediment parameters 
f  (n=4) Ds
root uptake 
(diffusion; df=1)
leaf uptake (M-M) 
low avg high
Demand
Ammonium
Gusung Tallang 0.72 ± 0.02 397.6 9.2 ± 0.54 (df = 1) 0.70 2.9 5.6 nd
Barang Lompo 0.53 ± 0.04 376.2 2.8 ± 0.52 (df = 1) 1.2 3.0 6.4 2.3 ± 0.8 (df = 35)
Langkai 0.54 376.2 5.7 0.12 0.61 0.98 1.6 ± 0.3 (df = 2)
Phosphate
Gusung Tallang 0.72 ± 0.02 160.6 0.03 ± 0.01 (df = 15) -0.20 -0.10 +0.052 nd
Barang Lompo 0.53 ± 0.04 152.0 0.10 ± 0.05 (df = 30) -0.28 -0.20 +0.022 0.075 ± 0.019 (df = 44)
Langkai 0.54 152.0 0.12 -0.16 -0.14 -0.11 0.047 ± 0.010 (df = 5)
Leaf uptake is dependent on the concentration in the water layer and diffusion across the 
boundary layer around the leaves. Assuming that diffusion limitation is negligible due to continuous 
turbulent water movement, leaves can absorb nutrients from the ambient water at a rate (v) given by 
the uptake curves presented in Figs 6.2 and 6.3. During the periods in which the leaf uptake 
experiments were executed, the water column nutrient concentrations showed considerable 
fluctuations. There are no indications that the uptake kinetics fluctuate accordingly. Using the data 
on the range and average ammonium and phosphate concentrations found in the field (Table 6.1A), 
the range of leaf uptake rates under natural conditions can be calculated for the 3 locations (Table 
6.3). At the low end of the concentration range at Barang Lompo, leaf uptake of ammonium is 
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insufficient to meet total demand (Table 6.3). At average concentrations, however, the uptake of 
leaves is sufficient. This is probably also true for plants at Gusung Tallang, assuming that the 
nitrogen demand at this site is approximately similar to the demand at Barang Lompo and Langkai. 
At Langkai, leaves seem not to be able to meet the total nitrogen demand. Calculated phosphate 
uptake by leaves at natural water column concentrations was always negative at Langkai and ranged 
from negative to positive values at Gusung Tallang and Barang Lompo. The negative values reflect 
the fact that the curves describing the relation between phosphate concentration and uptake rate have 
a positive intercept on the x-axis. Release of phosphate by leaves of seagrasses has been reported in 
earlier studies; it has been suggested that seagrasses may function as phosphorus pumps, relocating 
phosphorus from the sediment to the water column (McRoy and Barsdate, 1970; McRoy et al., 
1972; McRoy and Goering, 1974; Carignan and Kalff, 1982). Studies of Penhale and Thayer (1980) 
and Pérez-Lloréns et al. (1993), however, indicate that this process is quantitatively insignificant. It 
should be realised that the negative uptake (release) of phosphate in our data result from a 
mathematical adaptation of the Michaelis-Menten curve. It may well be that physiological 
mechanisms in the plant prevent release at very low concentrations. However, our results indicate 
that net phosphate uptake only occurs in situations when the phosphate concentration in the water 
column is above a certain level, i.e. at concentration higher than Sm\n (Table 6.2). This situation 
frequently occurs in the period between June and December at Gusung Tallang and Barang Lompo 
(Erftemeijer and Herman, 1994). During this period, Thalassia hemprichii might take advantage of 
the capability of the leaves to take up phosphate. This could be especially important at Gusung 
Tallang, as the calculated diffusion supply of phosphate to the roots at this site is much lower than at 
Barang Lompo or Langkai. Data on seasonal variation of inorganic phosphate are not available for 
Langkai. Available data from 3 sampling dates (once in September 1990 and twice in January 1994) 
show phosphate levels below 5min. It is indeed possible that at this oceanic site, the phosphate 
concentration never or only seldom reaches levels high enough for net phosphate uptake by leaves. 
Nonetheless, uptake experiments demonstrate that Thalassia hemprichii leaves do possess a clear 
potential for phosphate uptake at Langkai. The relevance of this property at Langkai is not clear.
The uptake affinities of leaves (Table 6.2) showed some differences between the 3 locations. The 
uptake affinity for phosphate was significantly higher at Gusung Tallang compared to the other 
locations. At Langkai, the affinity for ammonium was significantly lower than at Gusung Tallang and 
Barang Lompo. Erftemeijer et al. (1994), using in situ addition of both nitrogen and phosphorus 
fertilisers to the root zone of carbonate and terrigenous type seagrass beds in the same research area 
(Barang Lompo, another coral island and a terrigenous site comparable to Gusung Tallang), could 
not demonstrate growth limitation by either of the 2 nutrients. Comparison of leaf nitrogen and 
phosphorus content revealed no significant differences between the locations (Erftemeijer, 1994; 
Erftemeijer and Herman, 1994; Erftemeijer et al., 1994; Stapel et al., 1996b). The differences in 
uptake affinities of the leaves may be related to the leaf zone:root zone nutrient concentration ratios 
(Table 6.1C), which showed some differences among the 3 locations. The ammonium concentration 
ratio was lowest at Langkai and highest at Barang Lompo (Table 6.1C). At Gusung Tallang, the 
phosphate ratio was an order of magnitude higher than at Barang Lompo and Langkai. Comparison 
with the uptake affinities of leaves show that a higher concentration ratio corresponds with a higher 
leaf uptake affinity. The data thus suggest that there is some form of physiological integration 
between leaves and roots with respect to nutrient uptake, leading to the adaptation of uptake 
properties depending on available resources. The plants may optimise their leaf uptake capacity
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according to the relative nutrient availability in the water column and the pore water. Interaction 
between leaf and root uptake in relation to different concentration ratios was previously reported by 
Thursby and Harlin (1982, 1984) for Zostera marina and Ruppia maritima. In short term 
experiments (5h) with Thalassia hemprichii, such interactions could not be demonstrated (J. Stapel 
T.L Aarts and J.D. De Groot, unpubl.). Physiological interaction of leaf and root uptake 
characteristics in Thalassia hemprichii may occur at more extended time scales.
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7. Nitrogen cycling in a Thalassia hemprichii seagrass bed in South 
Sulawesi, Indonesia
Johan Stapela, Marten A. Hemmingaa, Cornelis G. Bogertb and Yvonne E.M. Maasa
ABSTRACT
Nitrogen cycling was investigated in a tropical Thalassia hemprichii seagrass bed using 15N 
pulse-labelling. Shoots of Thalassia hemprichii in three replicate 1 x 1 m field plots were loaded 
with 15N by brief exposure to an elevated concentration of 15N-ammonium in the water column. 
During the subsequent period of 240 days, the plots were periodically sampled. The data on 15N- 
contents in the different compartments of the Thalassia hemprichii plots were fitted to mathematical 
models describing the dynamics of 15N. After pulse-labelling, the 15N-content in the leaves declined 
at a rate of 0.045 d-1 (half-life of 15 days). Leaf-to-root/rhizome translocation accounted for only 
3.3% of this decline. The remaining part of the decline was associated with leaf fragmentation. Of 
the leaf fragments, 32% was recovered within the boundaries of the experimental plots, 25% was 
deposited outside these boundaries, but inside the seagrass meadow; and the remaining 43% was 
exported from the system or was harvested by benthic fauna. Only a small amount of the added 15N 
was recovered in below-ground detritus within the experimental plots. After 27 days, 50% of the 
15N-tracer was lost from the experimental plots. Hereafter, the period for each subsequent loss of 
50% of the remaining 15N required ca. 13 days more than the previous period.
Using the plastochrone interval of the leaves (9.7 days), the maximum N-content in the
individual average leaf (0.797 g m- ) and assuming a below-ground demand that is 10% of the total
-2 -1N-demand, the gross N-demand of Thalassia hemprichii was calculated to be 33.3 g m- y- . Leaves 
-2 -1 -2 -1 took up 3.4 g N m- y- , whereas 21.4 g N m- y- was taken up by the roots. Older leaves, although
not growing anymore, continued to take up nitrogen from the water column. Newly captured and
‘old’ nitrogen was translocated from these leaves to young leaves and roots and rhizomes. Internal
recycling of nitrogen was calculated as the difference between the gross N-demand and the total N-
-2 -1uptake (= net N-demand): 8.5 g m- y- (26% of the gross N-demand). Roots supplied 86% of the net 
N-demand. As the gross N-demand for below-ground production is only a fraction of the total gross 
N-demand, most of the nitrogen taken up by the roots is translocated to the leaves. The limited 
nitrogen retention in the Thalassia hemprichii plots is ascribed to the combined effects of a major 
allocation of nitrogen to leaf production, restricted nitrogen resorption from senescent leaves and a 
dynamic environment.
aNetherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Vierstraat 28, 4401 EA Yerseke, The 
Netherlands
bFree University of Amsterdam, De Boelelaan 1087, 1081 HV Amsterdam, The Netherlands
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8. GENERAL DISCUSSION
Seagrasses are marine angiosperms that occur in shallow coastal seas around the world. In 
tropical regions, especially in Southeast Asia, they have reached their highest species diversity, 
forming mixed meadows with up to 12 species. In Indonesia and Papua New Guinea, these multi­
species seagrass beds have a gross production of 1 to 5 g C m-2 d-1, which ranks them amongst the 
most productive submerged aquatic ecosystems (Brouns and Heijs, 1986; Lindeboom and Sandee, 
1989; Erftemeijer et al., 1993a). Community respiration in these seagrass beds also ranges between 1 
and 5 g C m-2 d-1 (Lindeboom and Sandee, 1989; Erftemeijer et al., 1993a). Hence, production and 
consumption processes appear well balanced. Accumulation of detritus in and on the sediment does 
not occur. Furthermore, there are no indications that nutrient (N and P) limitation of seagrass growth 
occurs in these systems, despite a low nutrient availability (Brouns and Heijs, 1986a; Lindeboom and 
Sandee, 1989; Nienhuis et al., 1989; Erftemeijer et al., 1993a; 1994). These findings have led to the 
hypothesis that seagrass beds in Indonesia are largely self-sustaining and that most nutrients are 
efficiently re-used within the system (Nienhuis et al., 1989). Due to the dynamic character of coastal 
habitats, however, seagrass beds can be considered as open systems with regard to nutrient fluxes. 
Most of the nutrients required for growth of tropical seagrasses (> 90%) are allocated to the leaves. 
The conditions of their habitat may lead to the export of leaves and leaf fragments and a concomitant 
nutrient loss. Other processes that contribute to nutrient losses are herbivory, diffusion from the 
sediment, exudation and leaching from living and decomposing plant material, and, as far as nitrogen 
is concerned, denitrification. Seagrass meadows can only persist if these nutrient losses are 
replenished (Hemminga et al., 1991). For seagrasses of coastal habitats, ample nutrient 
replenishment is provided by river discharges or diffuse terrestrial run-off. In some cases, 
eutrophication even forms a threat to these systems (Duarte, 1995). For seagrass beds covering reef 
flats of off-shore coral islands in tropical seas, however, nutrient replenishment is often not self- 
evident. So far, no data exist on the processes of nutrient losses and gains for these types of seagrass 
meadows. The studies in this thesis provide data on some important aspects of the nutrient balance in 
off-shore coral island seagrass meadows: the conservation and loss of nitrogen and phosphorus. 
Thalassia hemprichii, the dominant seagrass species in the Spermonde Archipelago, South Sulawesi, 
Indonesia (Fig 1.1), was in most instances the focus of the present research. The major part of the 
field work was carried out at the coral island of Barang Lompo, located approximately 12 km off 
shore and 30 km from the shelf edge. For the research on nutrient resorption and nutrient uptake by 
leaves, I gathered additional data from contrasting locations in the Spermonde Archipelago (Gusung 
Tallang and Langkai; Fig 1.1; and Bira) and from other locations around the world (Kenya, Spain 
and The Netherlands).
This chapter provides an integral discussion of the studies described in this thesis: export of leaf 
litter from a coral island seagrass meadow (chapter 2); the effect of daylight emergence on the 
nutrient status of a tropical seagrass meadow (chapter 3); the role of benthic invertebrates, notably 
alpheid shrimps, in the burial of seagrass detritus (chapter 4); nutrient resorption from seagrass 
leaves (chapter 5); nutrient uptake by leaves and roots of Thalassia hemprichii (chapter 6); and 
nitrogen (15N) cycling in a Thalassia hemprichii seagrass bed (chapter 7).
91
Chapter 8: General discussion
The fate of leaf detritus
Thalassia hemprichii and other tropical climax species allocate most of their nutrients to leaf 
growth. Hence, a major part of the nutrients potentially available for re-use within the seagrass bed 
originates from the leaves. A considerable part of these nutrients is lost from the living plant by 
detachment of leaves and leaf fragments. This material is released in the dynamic water column as 
(buoyant) particles. For an understanding of the nutrient balance in tropical seagrass systems it is 
thus of importance to know the fate of leaf detritus.
Chapter 2 shows the export of carbon (C), nitrogen (N) and phosphorus (P) as detached, buoyant 
leaves and leaf fragments from a seagrass system surrounding the off-shore coral island of Langkai 
(Fig 1.1). The export of leaf litter beyond the reef edge was determined with the use of large nets. 
These nets were deployed around the seagrass bed, perpendicular to the current direction. Export to 
the beach was determined after cleaning areas of the beach at low tide and collection of beached 
material at the next low tide. The export of leaf litter was 11.6% of the total seagrass leaf biomass 
produced (dry weight). This represents a loss of 10.3% of the C, 10.3% of the N and 5.2% of the P, 
incorporated by the seagrass leaves for sustained production. Most of the seagrass litter was 
exported beyond the reef edge. Although the seagrass bed at Langkai has an open character, the 
litter export expressed as a percentage of produced leaf biomass is not high. The system under 
investigation is situated at the shelf edge of the Spermonde Archipelago and is exposed to rather 
strong, uni-directional currents and a strong wash of waves. Leaf export from reef flats in the more 
protected inner part of the shelf may therefore even be smaller. It is thus unlikely that leaf export 
from coral island seagrass beds is a major cause of nutrient loss. Yet, of course, these losses need to 
be replenished to prevent a decline of the seagrass meadow on the long term. Nutrient replenishment 
is often not self evident in off-shore coral islands seagrass systems. Therefore, a relatively small 
export of leaf fragments could play a more dominant role in the functioning of these seagrass beds 
than in the functioning of systems from which much more leaf material is exported, but where 
external nutrient input is ample (e.g. coastal seagrass meadows).
Large parts of the seagrass beds on most reef flats of the coral islands in the Spermonde 
Archipelago are intertidal. From time to time, therefore, seagrasses are directly exposed to air. The 
reef flat of Barang Lompo is exposed to air for up to 6 hours per day on 8 to 9 days around spring tides 
(chapter 3). The time of exposure shows a seasonal pattern. In the period January - June, the reef flat only 
runs dry at night, whereas in the period July - December exposure only occurs during daylight. Especially 
during daylight, exposure has deleterious effects on the seagrasses, resulting in detachment of leaves 
and leaf fragments. During the low tide daylight exposure period of July - December 1993 and the 
subsequent period of 4 months recovery, the leaf and rhizome biomass (g dry weight m-2) and the 
time course of the C-, N- and P-contents in leaves and rhizomes (g m-2) of Thalassia hemprichii at 
Barang Lompo were monitored. As a result of daylight exposure, the biomass of leaves and rhizomes 
of Thalassia hemprichii declined by 61 and 37%, respectively. A loss of C, N and P from the leaf 
compartment was primarily caused by the decline in leaf biomass. A loss of C from rhizomes (43%) 
could be ascribed to the mobilisation of carbohydrates, most likely to restore the loss of leaf biomass. 
In the subsequent period without daylight emergence, there was a fast recovery of the biomass and 
nutrient contents of Thalassia hemprichii, which suggests that significant nutrient impoverishment of 
the system did not occur.
The time course of the N- and P-contents during the daylight exposure period was remarkable. 
The sum of the total leaf and rhizome nitrogen content did not change. The decline of the leaf N-
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content (49%) during daylight exposure was counterbalanced by an increased rhizome N-content 
(46%). The total phosphorus content, however, showed a 34% decline, which could be ascribed to 
the decreasing leaf biomass. These results are remarkable in view of the outcome of the leaf litter 
export study (chapter 2), which suggests a larger export of nitrogen (10.3%) than phosphorus 
(5.2%). One explanation may be that the leaf detritus formed after tidal exposure is largely retained 
within the system. In situ regenerated phosphate may have become strongly adsorbed to calcium 
carbonate that forms almost 100% of the sediment of the seagrass bed at Barang Lompo (De Kanel 
and Morse, 1978; Kitano et al., 1978; Erftemeijer and Middelburg, 1993). This would make 
phosphorus less directly available for re-uptake by the plant. N is not strongly adsorbed to the 
carbonate sediment and is thus more easily reabsorbed by the plant. Alternatively, the stable N- 
content in leaves and rhizomes summed may also be explained by a shifting balance in processes 
associated with N-cycling during daylight exposure. The loss of photosynthesising tissue during 
daylight exposure presumably results in a diminished release of oxygen and organic matter in the 
rhizosphere, which may alter the balance between nitrification, denitrification and N 2-fixation in the 
sediment. A lower denitrification and/or an increased N 2-fixation, allowing enhanced N-absorption 
by the roots, may compensate for the nitrogen loss due to the decline in leaf biomass.
A wide range of biological interactions also contributes to the dynamics of the seagrass system. 
The activity of burrowing alpheid shrimps described in chapter 4, is only one example of the more 
conspicuous interactions that exist in these ecosystems. Benthic fauna may considerably affect the 
nutrient dynamics in seagrass ecosystems by reallocation of nutrients from the leaf to the root zone 
and vice-versa. Observations at Barang Lompo revealed that burrowing alpheid shrimps may harvest 
53% of the produced leaf biomass of Thalassia hemprichii, corresponding with 53% of the C, 45% 
of the N and 46% of the P, incorporated by the seagrass leaves for sustained production. Leaf 
fragments harvested by the shrimps (detritus picked up from the vicinity of the burrow opening or 
pieces cut from living, still attached seagrass leaves) are stored in chambers or burrow linings, which 
extend to depths of 30 cm. Biogenic sediment reworking, measured using coloured sediment as a 
tracer, was about 0.25 kg dry sediment m-2 d-1. Due to this reworking and burrowing activity, 
seagrass litter initially lying on the sediment surface is transferred into the sediment. Although the net 
effect of sediment reworking and leaf harvesting on the benthic-pelagic nutrient fluxes remained uncertain, 
as different and mutually opposing effects are involved, the activity of benthic organisms prevents the 
export of organic matter, and as such may contribute to the conservation of nutrients within the 
system.
Considering the results of chapters 2, 3 and 4 together, it seems that export of leaf detritus does 
not imply major losses of nutrients from off-shore seagrass systems in the Spermonde Archipelago.
Nutrient resorption
Effective nutrient resorption is a mechanism that contributes to nutrient conservation within the 
seagrass system. Internal re-use decreases the plants’ dependence on external nutrient input, and as 
such it could be of considerable importance in nutrient-poor environments. The nutrient resorption 
efficiency in terrestrial plants can be large. Chapin and Kedrowski (1983) reported values of up to 
79% for N and up to 90% for P. Seagrasses, the only descendants of terrestrial angiosperms that 
have invaded the marine environment, also reclaim part of the nutrients from ageing leaves. Recent 
studies indicated resorption efficiencies of about 25% for N in temperate Zostera marina and 37% 
for N and 40% for P in Mediterranean Posidonia oceanica (Borum et al., 1989; Hemminga et al.,
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1991; Pedersen and Borum, 1992; Alcoverro, 1995). It has been hypothesised that especially in 
nutrient-poor environments nutrient resorption may be more efficient (Pedersen and Borum, 1992; 
Erftemeijer and Middelburg, 1995). Data on nutrient resorption in seagrasses, however, are scarce 
and even lacking for tropical species. Therefore, I examined a wide range of seagrass species from 
tropical, Mediterranean and temperate climates (chapter 5). Resorption was quantitatively assessed 
by calculating the difference in nutrient content between leaves with the highest content and the 
oldest leaves. In order to do so, the leaves were classified according to their age. The nutrient 
contents of leaves of a given age category were calculated by multiplying the measured nutrient 
concentrations in this age category with the corresponding modelled leaf biomass. C was not 
resorbed by any of the seagrass species. The efficiency of N-resorption from intact seagrass leaves 
varied between 3.8 and 29% (average: 15%), while the efficiency of phosphorus resorption varied 
between 0 and 51% (average: 21%). Taking all data together, the resorption efficiency was not 
significantly different from seagrass leaves with a relatively high or a relatively low leaf nutrient 
concentration (pointing to high and low ambient nutrient availabilities, respectively). The results, 
hence, do not support the hypothesis that (tropical) seagrasses growing in nutrient-poor 
environments show a more efficient nutrient resorption than vegetations in nutrient-rich 
environments. Within species comparisons, however, showed that in some cases the resorption 
efficiency was positively related to the nutrient concentration of the leaves.
It was found that premature loss of leaves and leaf fragments (e.g. by herbivory) substantially 
interfered with the resorption process. As a result of fragmentation and premature detachment only 
between 56 and 77% of the physiological resorption potential actually was realised in Indonesian 
seagrasses. On the basis of these results, a general figure for nutrient resorption from seagrass leaves 
is proposed: nutrient resorption from senescent seagrass leaves may reduce the nutrient requirements 
for seagrass leaf production by approximately 10% for nitrogen and 15% for phosphorus. Minimum 
nutrient concentrations in senescing seagrass leaves (> 1% N and > 0.07% P) indicate that seagrasses 
have a low resorption proficiency (i.e. they show incomplete resorption; Killingbeck, 1996). The 
reason for this may be the short leaf life-span of most seagrass species (median ca. 50 d), possibly in 
combination with the fact that they are still functionally active (and thus require a basal internal 
nutrient concentration) until the moment of detachment (see chapter 7). Increased epiphyte loading 
and the continuous exposure to intensive water column movements may put physical constraints to 
the life-span of seagrass leaves. It is concluded that internal resorption may play a role in the nutrient 
dynamics of seagrass plants, but that its quantitative importance probably is limited.
Nutrient uptake
The restricted quantitative importance of internal nutrient cycling implies that efficient nutrient 
uptake mechanisms may be important to seagrasses. Seagrasses have the possibility to take up 
nutrients from both the interstitial water of the sediment and from the water column. There are, 
however, no published data concerning the uptake capabilities of leaves and roots of tropical 
seagrasses. One might expect that these seagrasses rely mainly on the root system for nutrient uptake 
considering the very low nutrient concentrations in the water column compared to the pore water. 
On the other hand, nutrient uptake by leaves could be important for the reduction of system nutrient 
losses. Nutrient uptake by leaves and roots of Thalassia hemprichii was investigated in laboratory 
experiments using two-compartment incubation vessels (chapter 6). For comparison, plants from 3 
locations in the Spermonde Archipelago, covering the range from coastal to oceanic conditions, were
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examined: Gusung Tallang (coastal), Barang Lompo (intermediate) and Langkai (oceanic) (Fig 1.1). 
The leaves from plants from each site showed a clear capacity for ammonium and phosphate uptake. 
Uptake by leaves followed Michaelis-Menten kinetics. At average natural ammonium concentrations 
in the water column, leaves of Thalassia hemprichii are capable of supplying the total plants’ N- 
demand at Gusung Tallang and Barang Lompo and about 50% of the N-demand at Langkai. The 
uptake capabilities of leaves with respect to phosphorus were much less and accounted for no more 
that 30% of the total plants’ P-demand. The uptake of ammonium and phosphate by the roots was 
limited by the diffusion rates of these nutrients in the sediment. At average nutrient concentrations in 
the pore water of the 3 locations, roots of Thalassia hemprichii are capable of supplying the total 
plants’ N-demand and, except at Gusung Tallang, the total plants’ P-demand. At Gusung Tallang, 
therefore, P-uptake by the leaves may be essential for survival. Evidence was found that the 
availability of nutrients in the root zone relative to that in the leaf zone affects the uptake affinity of 
the leaves. The plants may optimise their leaf uptake capacity according to the relative nutrient 
availability in the water column and the pore water. It is concluded that even in the tropics, where 
water column concentrations are often very low, leaves clearly have a significant ability for 
ammonium and phosphate uptake. This may be of importance to the seagrass system, as ‘new’ 
nutrients, carried with the water currents from external sources, may be captured in the meadow, 
compensating any nutrient losses. More important even may be the role of the leaves in recapturing 
nutrients that are regenerated by mineralisation processes within the seagrass system itself.
Nitrogen retention
Nutrient dynamics play a key role in the functioning of seagrass beds (Patriquin, 1972). Nitrogen 
is a macronutrient often limiting seagrass growth (Hillman et al., 1989). Considering the large body 
o f literature on nitrogen in seagrasses, it is remarkable that no quantitative data exist on the (long 
term) retention of nitrogen in seagrass systems. Two pathways for nitrogen retention within the 
system have been described for seagrass meadows. Seagrasses may take up nitrogen released by 
decomposition of seagrass litter within the system (external recycling). In addition, seagrasses may 
re-use nutrients from older plant parts via resorption (internal recycling). The retention time of 
nitrogen within three 1 m2 Thalassia hemprichii plots at the reef flat of Barang Lompo was 
examined using the stable 15N isotope as tracer. The uptake capacity of the leaves of Thalassia 
hemprichii was used to pulse-label the shoots with 15N by brief exposure (3 - 4 h) to elevated 15N- 
ammonium concentrations in the water column. The plots were subsequently periodically sampled 
and the measured 15N-contents in the different compartments of the meadow (leaves, roots and 
rhizomes, detritus) were used in mathematical models to describe the (15)N-dynamics of the system. 
15N is quickly lost from the leaves: the half-life was only 15 days. Recovery of 15N in roots and 
rhizomes was very small. Only 3.3% of the 15N that was lost from the leaves was translocated 
internally to roots and rhizomes. The remaining part of the decline was associated with leaf 
fragmentation. 32% of these fragments was recovered within the boundaries of the experimental 
plots. By calculation, it was estimated that 25% was deposited outside these boundaries, but inside 
the seagrass meadow. The remaining 43% was either exported from the system or harvested by 
alpheid shrimps. After 27 days, 50% of the 15N-tracer was lost from the plots. Hereafter, the period 
for each subsequent 50% loss required approximately 13 days more. Apparently, 15N increasingly 
tended to accumulate in compartments from where it was not easily exported or in more decay-
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resistant fractions. After 240 days, only 6.6% of the initial 15N-enrichment remained: 1.1% in leaves, 
2.3% in roots and rhizomes and 3.2% in detritus.
Using data of Erftemeijer et al. (1993a), we calculated a gross N-demand of Thalassia hemprichii 
of 33.3 g m-2 y-1: 30.0 g required for leaf growth and 3.3 g for below-ground production. Leaves 
took up 3.4 g N m-2 y-1, whereas 21.4 g N m-2 y-1 was taken up by the roots. Older leaves, although 
not growing anymore, continued to take up nitrogen from the water column. Newly captured and 
‘old’ nitrogen was translocated from these leaves to young leaves and roots and rhizomes. The 
difference between the gross N-demand and the total N-uptake (= net N-demand), 8.5 g, represents 
the amount recycled internally (26% of the gross N-demand). Roots supplied 86% of the net N- 
demand. The below-ground N-demand, however, was only 10% of the gross N-demand, which 
implies a major root-to-leaf N-allocation.
The limited nitrogen retention in the experimental Thalassia hemprichii plots, which contrasts 
strongly with terrestrial and salt marsh studies (15N half-life of several years to decades), is ascribed 
to the combined effects of the dominant allocation of nitrogen to leaf production, restricted nitrogen 
resorption from senescent leaves and a dynamic environment. These results do not support the 
hypothesis that tropical seagrass beds are self-sustaining systems in which most nutrients are 
captured in the large seagrass biomass and are efficiently recycled (Nienhuis et al., 1989). External 
N-retention in a Thalassia hemprichii system, however, could be more effective on the scale of an 
entire meadow. The results of chapter 7 show a 43% loss of nitrogen in leaf litter from the seagrass 
system at Barang Lompo. This is much larger than the estimated loss from the system at Langkai 
(12%; see chapter 2), while a smaller loss was expected. It seems unlikely, therefore, that although at 
the scale of the plots 43% of the nitrogen in detached leaf fragments is exported, at the scale of the 
entire meadow more than 10% is exported. Sediment cores taken during the 15N-tracer experiment 
did not reach deeper than 12 cm. The results of chapter 4 showed that alpheid shrimps are potentially 
capable of translocating large amounts of leaf material below this depth, which possibly explains part 
of the ‘lost’ nitrogen. Seagrass systems have often been acknowledged for their capacity of capturing 
particles (Fonseca et al., 1982; Harlin et al., 1982; Bulthuis et al., 1984; Ward et al., 1984; Fonseca 
and Fischer, 1986). Leaf litter may thus have been trapped by the seagrass canopy outside the 
experimental plots. The finding that 32% of the 15N in fragmented leaf litter deposited inside the 
experimental plots and 25% outside the plots (but within the meadow) supports this hypothesis. 
Most of the deposited leaf fragments were found at or near the sediment surface. Much of the 
regenerated nitrogen resulting from the mineralisation of this organic matter, therefore, is presumably 
released into the water column as dissolved (in)organic compounds. An efficient uptake of the 
released nitrogen compounds by the leaves also is a potential retention mechanism. Indeed, the 
importance of the capacity of Thalassia hemprichii leaves to take up ammonium may reside in the 
capturing of inorganic nitrogen compounds regenerated within the meadow. Presumably, trapping of 
leaf litter and reabsorption of regenerated nutrients by the leaves becomes more efficient with 
increasing size of the seagrass bed. This adds a new aspect to the chances of survival of small 
seagrass patches, besides improved anchoring, mutual physical protection and physiological 
integration among shoots. Especially in nutrient-poor environments, therefore, patch size may be 
relevant to the persistence of the vegetation.
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Nutrient flow diagrams
The cycling of nitrogen and phosphorus that originates from Thalassia hemprichii leaves is 
schematically represented in two flow diagrams (Fig. 8.1). Each year 21 g N m-2 is lost from the 
living plants in detached leaves and leaf fragments (chapter 7). A leaf N:P mass ratio of 11:1 (chapter 
4) implies a concomitant P-loss of 1.9 g m-2 y-1. O f these amounts, 12 g N and 1.1 g P deposit on the 
sediment surface. The remaining 9 g N m-2 y-1 and 0.8 g P m-2 y-1 is exported from the system or cut 
from the living plants by alpheid shrimps (chapter 4). Assuming a (maximum) export from the system 
of 10% of the leaf N- and 5% of the leaf P-demand (chapter 2) yields export terms of 3 g N m-2 y-1 
and 0.1 g P m-2 y-1. This would imply that 6 g N m-2 y-1 and 0.7 g P m-2 y-1 are harvested by alpheid 
shrimps. The nutrients in the harvested leaf particles are most likely regenerated in burrow linings 
and chambers. These nutrients may be reabsorbed by the plants after diffusion to the root surface. 
Diffusion, however, is a slow process and a certain amount of the regenerated nutrients will be 
pumped to the water column by bio-ventilation. What happens with the nutrients in leaf fragments 
that are deposited on the sediment surface? The results of chapter 4 show that alpheid shrimps also 
collect deposited leaf detritus from the vicinity of their burrow openings. The amount of N and P in 
this harvested leaf detritus was equivalent to approximately 4% of the leaf N- and P-demand. The 
leaf N-demand was 30 g m-2 y-1, suggesting that of the deposited 12 g N and 1.1 g P m-2 y-1 about 1 g 
N m-2 y-1 and a concomitant 0.1 g P m-2 y-1 is also harvested by the alpheid shrimps. If we assume 
that deposition and decomposition of seagrass leaf litter at Barang Lompo are in equilibrium (no 
accumulation of detritus has been observed), there would be a release of 11 g N and 1.0 g P m-2 y-1 
from the remaining leaf litter. Diffusion of N and P from the sediment are only 0.53 and 0.42 g m-2 
y-1, respectively (Erftemeijer and Middelburg, 1995). Thus, if decay of the leaf fragments would take 
place in the sediment, these diffusion figures would suggest that practically all nutrients that are 
released in the sediment are efficiently reabsorbed again. The very low recovery of 15N in Thalassia 
hemprichii roots and rhizomes (chapter 7), however, suggests the contrary. There are two 
alternative explanations. First, decomposition of the leaf litter does not take place in, but on the 
sediment. Regenerated nitrogen (and phosphorus) will than be released in the water column. 
Secondly, nitrogen is lost from the sediment by denitrification. No data exist on the denitrification 
rate in the seagrass bed at Barang Lompo. Also, no figures are available for the rates of N2-fixation, 
a process which in contrast to denitrification leads to N-enrichment of the sediment. There are, 
however, adequate data on ammonium and phosphate fluxes from pore water to the water column at 
Barang Lompo and the pore water phosphate and ammonium concentration-depth profiles are well 
documented (Erftemeijer and Middelburg, 1993; 1995; Stapel et al., 1996b). These data can be used 
to estimate the net N-loss due to denitrification. According to Erftemeijer and Middelburg (1993), 
nitrification largely explains the pore water phosphate and ammonium concentration-depth profiles at 
Barang Lompo. The pore water nitrate concentrations were very low (Erftemeijer, 1994). I assume 
therefore, that the nitrate formed by nitrification is quickly denitrified. The molecular N:P ratio of 
living seagrass material (19:1) can be used to predict the ammonium and phosphate concentrations in 
the interstitial waters of seagrass beds (Erftemeijer and Middelburg, 1993). If there are no additional 
sources or sinks for either one of the two nutrients, there must be a stoichiometric relation between 
the concentration-depth profiles. In this case, a stoichiometric relation between diffusive (sediment to 
water column) N- and P-fluxes can also be expected. A deviation of this relation points to an 
additional source or sink, which can be used to calculate the N-loss due to denitrification. In order to 
do so, I made the assumption that there are no additional phosphate sources or sinks or that
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Fig 8.1. Models of the flow of (A) nitrogen and (B) phosphorus (g N m-2 y-1) originating from Thalassia hemprichii 
leaves at Barang Lompo, based on the studies presented in this thesis. The total (above- and below-ground) nitrogen 
demand of Thalassia hemprichii was 33 g m-2 y-1. For total production, I combined the figures in this thesis with the 
below ground demand of Thalassia hemprichii reported by Erftemeijer et al. (1993a), respectively. Figures for the flow 
of phosphorus were calculated using stoichiometric relationships between the N and P concentrations in living leaves, 
detached (floating) leaves and leaf litter. Figures in italics (denitrification and nutrient release in the water column 
after regeneration from deposited leaf litter) were obtained indirectly (see text)
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additional in- and output fluxes of P have a molecular ratio relative to additional N fluxes (not being 
denitrification) of 1:19. I also assumed that the phosphate adsorbed to the carbonate matrix of the 
sediment is in equilibrium with the concentration of phosphate in the pore water (steady state 
situation). Erftemeijer and Middelburg (1995) reported a molecular diffusive P-flux at Barang 
Lompo of 14 mmol m-2 y-1. Considering molecular ammonium and phosphate diffusion coefficients of 
376 and 152 cm2 y-1, respectively (Erftemeijer and Middelburg, 1993), the diffusive N-flux equals the 
N:P ratio of seagrass material times the P-flux times the molecular diffusion coefficient ratio between 
ammonium and phosphate, being 19 x 14 x (376/152) = 658 mmol m-2 y-1. The observed molecular 
diffusive N-flux, however, was only 38 mmol m-2 y-1 (Erftemeijer and Middelburg, 1995). Therefore, 
an additional sink for ammonium of 620 mmol m-2 y-1, equivalent to 9 g N m-2 y-1, existed. 
Denitrification probably was the cause of this loss. The estimated value of 9 g N m-2 y-1 is higher than 
the range of denitrification rates in seagrass beds reported in a review by Hemminga et al. (1991) 
(0.1 - 2 g N m-2 y-1), but does not stand on its own. Recently, Blackburn et al. (1994) reported 
denitrification rates of up to 20 g N m-2 y-1 in a Jamaican Halodule beaudetti seagrass bed. If we 
compare the denitrification figure estimated here with the total amount of regenerated nitrogen that 
is presumed to be lost (11 g N m-2 y-1), the nitrogen release into the water column may be about 2 g 
N m-2 y-1 (Fig 8.1). It should be notified that the calculated denitrification rate describes a net 
nitrogen loss, as N 2-fixation may partly offset N-losses caused by denitrification. Hence, the actual 
rate may be considerably higher.
Only about 4% of the total amount of nitrogen in detritus in the seagrass bed at Barang Lompo 
originated from sources other than Thalassia hemprichii (see chapter 7). From the calculations 
above it follows, therefore, that about 80% (9/11) of the nitrogen in deposited leaf fragments may be 
denitrified and that, consequently, perhaps not more that about 20% is released in the water column 
as plant nutrients (ammonium, nitrate). Presumably, part of the nitrogen that is lost by denitrification 
will be replenished by (sedimentary) N2-fixation or by sedimentation of imported organic matter. 
Processes such as denitrification and N 2-fixation do not exist for phosphorus. Therefore, a larger 
portion of the phosphorus in deposited leaf fragments may be released in the water column as plant 
nutrients (phosphates), while P-input arises from the sedimentation of imported organic matter only. 
This may explain why the water column:pore water nutrient ratio is larger for phosphate than for 
ammonium (see chapter 6). The importance of phosphorus uptake by the leaves may therefore be 
larger than that of leaf nitrogen uptake. This is in agreement with the results of chapter 6, which 
indicate an essential role for leaves in P-uptake, but not in N-uptake, and with the evidence that the 
plants optimise their leaf uptake capacity according to the relative nutrient availability in the water 
column and the pore water. Furthermore, Erftemeijer and Middelburg (1995) who calculated mass 
balance constraints on nutrient cycling in the seagrass bed at Barang Lompo, showed that 0 - 7% of 
the leaf nitrogen demand was taken up by leaves, while for phosphorus this range was 1 - 66%.
Not all aspects of the nutrient balance in Indonesian seagrass beds are discussed in this thesis. 
Loss by exudation from the plant biomass, export from the system by herbivores and import by 
sedimentation have not been considered. Although these processes will occur, it is assumed that they 
are of relatively minor importance in the seagrass beds studied in this thesis (cf. Borum et al., 1989; 
Hemminga et al., 1991; Erftemeijer, 1994).
The rates of two presumably important processes, denitrification and N2-fixation, remain also 
unclear. Up to now, no quantitative data are available on these processes in Indonesian seagrass 
beds. In future research these processes, therefore, deserve special attention.
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Summary
SUMMARY
Seagrasses are marine angiosperms that occur in shallow coastal seas around the world. They 
have reached their highest species diversity in Southeast Asia, where they form extensive multi­
species meadows. The seagrass beds in Indonesia maintain a high productivity despite a low nutrient 
availability. It has been hypothesised, therefore, that these seagrass beds are largely self-sustaining 
and that most nutrients are efficiently re-used within the system. Due to the dynamic character of 
coastal habitats, however, seagrass beds may be considered as open systems with regard to nutrient 
fluxes. Water currents may lead to the export of leaves and leaf fragments and a concomitant nutrient 
loss. Other processes that contribute to nutrient losses are herbivory, diffusion from the sediment, 
exudation and leaching from living and decomposing plant material, and, as far as nitrogen is 
concerned, denitrification. The long-term persistence of seagrass meadows obviously depends on the 
replenishment of these nutrient losses. For seagrasses of coastal habitats, ample nutrient 
replenishment is provided by river discharges or diffuse terrestrial run-off. For seagrass meadows on 
the numerous off-shore coral islands, however, nutrient replenishment is often not self-evident. So 
far, no data exist on the processes of nutrient losses and gains for these seagrass systems. The studies 
in this thesis provide data on the conservation and loss of nitrogen and phosphorus in such meadows 
in the Spermonde Archipelago, South Sulawesi, Indonesia.
Chapter 2 describes a study of the export of carbon (C), nitrogen (N) and phosphorus (P) as 
detached, buoyant leaves and leaf fragments from a seagrass system surrounding the off-shore coral 
Island of Langkai (Fig 1.1). The export of leaf litter was 11.6% of the total seagrass leaf biomass 
produced (dry weight). This represents a loss of 10.3% of the C, 10.3% of the N and 5.2% of the P, 
incorporated by the seagrass leaves for sustained production. The system under investigation is 
situated on the shelf edge of the Spermonde Archipelago and is exposed to rather strong, uni­
directional currents and a strong wash of waves, relative to other research sites on the shelf. It seems 
likely, therefore, that leaf export from more protected systems such as Barang Lompo, the major 
study location, is smaller.
Large parts of the seagrass beds on most reef flats of the coral islands in the Spermonde 
Archipelago are intertidal and are, therefore, directly exposed to air from time to time. The reef flat 
of Barang Lompo runs dry for several hours per day on the days around spring tides. The time of the 
occurrence of spring low water (night or day) follows an annual cycle. In the period January - June, 
the reef flat of Barang Lompo only runs dry at night, whereas in the period July - December, exposure 
only occurs during daylight. Chapter 3 shows the course of the leaf and rhizome biomass and their C, 
N and P-contents during the daylight exposure period of June - December 1993 and during the 
subsequent period of recovery. The biomass of leaves and rhizomes of Thalassia hemprichii declined 
by 61 and 37% during daylight exposure, respectively. The decline of the C-, N- and P-contents in 
the leaf compartment was primarily caused by the decline in leaf biomass. The loss of C from the 
rhizomes (43%) could be ascribed to the mobilisation of carbohydrates, most likely to restore the 
loss of leaf biomass. In the subsequent period without daylight emergence, there was a fast recovery 
of the biomass and nutrient contents of Thalassia hemprichii, which suggests that significant nutrient 
impoverishment of the system did not occur.
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The time course of the total N- and P-contents in the combined biomass of leaves and rhizomes 
was remarkable: the nitrogen content did not change, whereas the total phosphorus content showed 
a decline of 34%, which could be ascribed to the decreasing leaf biomass. The decline of the leaf N- 
content (49%) was counterbalanced by an increased rhizome N-content (46%). The results suggest 
that nitrogen is conserved in the system relative to phosphorus, or is additionally fixed (N2-fixation). 
A possible explanation for the difference between N and P redistribution in the seagrass tissue is may 
be found in differences in microbiological and geochemical N- and P-cycles.
A wide range of biological interactions also contributes to the dynamics of the seagrass system. 
The activity of burrowing alpheid shrimps described in chapter 4, is only one example of the more 
conspicuous interactions that exist in these ecosystems. Benthic fauna may considerably affect the 
nutrient dynamics in reef flat seagrass ecosystems by reallocation of nutrients from the leaf to the 
root zone and vice-versa. Observations revealed that burrowing alpheid shrimps may harvest 53% of 
the produced leaf biomass of Thalassia hemprichii, corresponding with 53% of the C, 45% of the N 
and 46% of the P, incorporated by the seagrass leaves for sustained production. Harvested leaf 
fragments (detritus picked up from the vicinity of the burrow opening or pieces cut from living, still 
attached seagrass leaves) are stored in chambers or burrow linings that may extend to depths of 30 
cm. Due to biogenic sediment reworking and burrowing activity, seagrass litter lying on the sediment 
may also become buried in the sediment. Although the net effect of sediment reworking and leaf 
harvesting on the benthic-pelagic nutrient fluxes remained uncertain, as different and mutually opposing 
effects are involved, it is clear that the activity of benthic organisms prevents the export of organic 
matter, and as such may contribute to the conservation of nutrients within the system.
Effective nutrient resorption is a mechanism that contributes to nutrient conservation. Internal re­
use decreases the plants’ dependence on external nutrient input, and as such could be of considerable 
importance in nutrient-poor environments. Chapter 5 shows figures on the resorption efficiency of C, 
N and P from leaves for a wide range of seagrass species of different climatic regions (tropical, 
Mediterranean and temperate regions). C was not resorbed by any of the seagrass species. The 
efficiency of N-resorption from intact seagrass leaves varied between 3.8 and 29% (average: 15%), 
while the efficiency of phosphorus resorption varied between 0 and 51% (average: 21%). Taking all 
data together, the resorption efficiency was not significantly different in seagrasses with a relatively 
high or a relatively low leaf nutrient concentration (pointing to high and low ambient nutrient 
availabilities, respectively). Within species comparisons, however, showed that in some cases the 
resorption efficiency was positively related to the nutrient concentration of the leaves. Premature loss 
of leaves and leaf fragments may substantially interfere with the resorption process. As a result of 
fragmentation and premature detachment only between 56 and 77% of the physiological resorption 
potential actually was realised in the leaves of Indonesian seagrasses. It is concluded that internal 
resorption may play a role in the nutrient dynamics of seagrass plants, but that its quantitative 
importance probably is limited.
Seagrasses have the possibility to take up nutrients from both the interstitial water of the sediment 
and the water column. Nutrient uptake by leaves and roots of Thalassia hemprichii was investigated 
in laboratory experiments with plants collected at 3 locations in the Spermonde Archipelago, 
covering the range from coastal to oceanic conditions. These locations were: Gusung Tallang
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(coastal), Barang Lompo (intermediate) and Langkai (oceanic) (Fig 1.1; chapter 6). The leaves of 
Thalassia hemprichii showed a clear capacity for ammonium and phosphate uptake. The uptake of 
ammonium and phosphate by the roots was limited by the diffusion rates of these nutrients in the 
sediment. At natural nutrient concentrations in water column and pore water, both leaves and roots 
of Thalassia hemprichii were capable of supplying a considerable amount of the total plants’ N- 
demand (together more than 100%) at the 3 locations. Only at Gusung Tallang, roots alone were 
presumably unable to meet the total P-demand. Evidence was found that the availability of nutrients 
in the root zone relative to the leaf zone affects the uptake affinity of the leaves. It is concluded that 
even in the tropics, where water column concentrations are often very low, leaves clearly have a 
significant ability for ammonium and phosphate uptake.
In chapter 7, the nitrogen dynamics in the Thalassia hemprichii seagrass bed at Barang Lompo is 
described. The uptake capacity of the leaves of Thalassia hemprichii was used to pulse-label the 
shoots in 1 m2 experimental field plots with 15N by brief exposure to an elevated 15N-ammonium 
concentration in the water column. The 15N-contents in the different compartments of the meadow 
(leaves, roots and rhizomes, detritus) were followed in time and mathematical models were used to 
describe the 15N-dynamics of the system. 15N is quickly lost from the leaves: the half-life was only 15 
days. Recovery of 15N in roots and rhizomes was limited. Only 3.3% of the 15N that was lost from 
the leaves was translocated internally to roots and rhizomes. The remaining part of the decline was 
associated with leaf fragmentation and detachment. 32% of the 15N in detached leaves and leaf 
fragments was recovered within the boundaries of the experimental plots and 25% was deposited 
outside these boundaries, but inside the seagrass meadow. The remaining 43% was either exported 
from the system or harvested by alpheid shrimps. After 27 days, 50% of the 15N-tracer was lost from 
the plots. Hereafter, the period for each subsequent 50% loss required approximately 13 days more. 
Apparently, 15N increasingly tended to accumulate in compartments from where it was not easily 
exported or in more decay-resistant fractions. After 240 days, only 6.6% of the initial 15N-enrichment 
remained: 1.1% in leaves, 2.3% in roots and rhizomes, and 3.2% in detritus. The total N-demand of 
Thalassia hemprichii was 33.3 g m-2 y-1: 30.0 g required for leaf growth and 3.3 g for below-ground 
production. Leaves took up 3.4 g N m-2 y-1, whereas a much larger amount, 21.4 g N m-2 y-1, was 
taken up by the roots. Older leaves, although not growing anymore, continued to take up nitrogen 
from the water column. Newly captured and ‘old’ nitrogen was translocated from these leaves to 
young leaves and roots and rhizomes. The difference between the N-demand and the total N-uptake, 
8.5 g m-2 y-1, represents the amount recycled internally. The limited nitrogen retention in the 
experimental Thalassia hemprichii plots is ascribed to the combined effects of a major allocation of 
nitrogen to leaf production (90% of the total biomass production), restricted nitrogen resorption 
from senescent leaves (26% of the total N-demand) and a dynamic environment. These results do not 
support the hypothesis that tropical seagrass beds are self-sustaining systems in which most nutrients 
are captured in the large seagrass biomass and are efficiently recycled. However, the capability of 
retaining detached leaf fragments within the seagrass bed or reabsorbing dissolved nutrients from the 
water column is probably larger in more extensive seagrass meadows, which adds a new aspect to 
the chances of survival of small seagrass patches. It is hypothesised that large seagrass patches have 
better chances for long-term persistence than small patches, especially in nutrient-poor environments.
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Eventually, the results of the previous chapters are evaluated and combined in chapter 8. The data 
on leaf-growth and -detachment, deposition, export and harvesting of leaf fragments, internal 
nutrient recycling, and nutrient uptake, are integrated in a nitrogen and phosphorus flow diagram. 
Most of the nutrients that are lost by leaf fragmentation are translocated to the sediment surface or 
into the sediment, either due to deposition or harvesting by alpheid shrimps. About 80% of the 
nitrogen in deposited leaf fragments is denitrified and the remaining 20% of the nitrogen that is 
regenerated from deposited leaf fragments is released in the water column, presumably along with a 
large portion of the nitrogen that is regenerated from leaf litter in burrows of alpheid shrimps and 
that is pumped to the water column by bio-ventilation. The major portion of the N required for 
seagrass growth, however, is absorbed by the roots (see chapter 7). This presumes a considerable 
sediment nitrogen input, most likely arising from N2-fixation. Probably due to differences in 
microbial processes that play a role in the N- and P-cycles, is the water column:pore water nutrient 
ratio larger for phosphate than for ammonium (see chapter 6), which suggests that the share of the 
leaves in total nutrient uptake by the plant is larger for P than for N. An important role of the leaves 
probably is that of capturing ‘new’ nutrients, carried with the water current from external sources to 
the meadow, a process that may counterbalance any nutrient losses. More important even may be the 
role of the leaves in recapturing nutrients that are regenerated by mineralisation processes within the 
seagrass system itself.
Not all aspects of the nutrient balance in Indonesian seagrass beds are discussed in this thesis. 
Loss by exudation from the plant biomass or export from the system by herbivores and the import of 
nutrients associated with sedimentation processes were not investigated, but were considered of less 
importance. Two aspects that are probably important for the N-dynamics in seagrass meadows were 
also not included, i.e., denitrification and N2-fixation. It is recommended that these processes are 
addressed in future studies of reef flat seagrass systems.
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SAMENVATTING
Zeegrassen zijn mariene zaadplanten die hun verspreidingsgebied hebben in ondiepe kustwateren 
over de hele wereld. Hun habitat strekt zich uit van het intergetijdegebied tot zo’n 40 m diepte. 
Zeegrasvelden vormen vaak een belangrijke component van het kustgebied. Met hun uitgebreide 
wortelstelsels en veelal goed ontwikkelde bovengrondse delen voorkomen ze erosie van de kust en 
vormen ze gebieden waar sediment en organische partikeltjes kunnen bezinken. Ze behoren tot de 
meest productieve aquatische systemen en ondersteunen complexe voedselketens. De ruimtelijke 
structuur van bladeren en stengels fungeert als schuilplaats en kraamkamer voor veel (soms 
economisch belangrijke) vissen en schaaldieren. De toegenomen anthropogene druk op de 
kustwateren door o.a. landerosie, eutrofiëring en (over)exploitatie is er echter de oorzaak van dat 
zeegrasoecosystemen over de hele wereld in areaal achteruitgaan.
In tropische gebieden, met name in Zuidoost-Azië, zijn de zeegrassen tot maximale ontwikkeling 
gekomen. Zuidoost-Azië is een dichtbevolkt gedeelte van de wereld met duizenden eilanden en heeft 
een enorme kustlijn waar op talloze plaatsen zeegrasvelden voorkomen. Een ernstige bedreiging voor 
de zeegrasoecosystemen in deze regio vormt de ongecontroleerde economische ontwikkeling in het 
kustgebied, wat overexploitatie en vervuiling van de kuststrook en de reductie van zeegrashabitat tot 
gevolg heeft. Er is echter maar betrekkelijk weinig bekend over Zuidoost-Aziatische zeegrassen. De 
meeste informatie over tropische zeegrassen komt uit het Caraïbische gebied, hoewel de 
soortenrijkdom van het Indo-Pacifische gebied veel groter is. De beperkte hoeveelheid informatie die 
er beschikbaar is over zeegrasoecosystemen in een regio van de wereld waarin de druk op deze 
systemen door menselijk handelen snel toeneemt, vraagt om een aanzienlijke wetenschappelijke 
inspanning. Dit proefschrift is daarvan een onderdeel.
Zeegrasvelden in Indonesië bestaan vaak uit gemengde vegetaties met een hoge bruto primaire 
productie. Er lijkt in deze systemen een uitgebalanceerde verhouding te bestaan tussen consumptie- 
en productieprocessen. Ophoping van dode plantenresten komt bijna niet voor en er is geen indicatie 
dat stikstof of fosfor limiterende voedingsstoffen zijn voor zeegrasgroei. De 
nutriëntenbeschikbaarheid is echter laag. Dit heeft geleid tot de hypothese dat Indonesische 
zeegrasvelden zelfvoorzienend zijn wat betreft nutriënten: de meeste nutriënten zitten opgeslagen in 
de grote zeegrasbiomassa en worden efficiënt hergebruikt. Door het dynamische karakter van hun 
leefomgeving (ondiepe kustzeeën) zijn zeegrasvelden echter te beschouwen als open systemen met 
betrekking tot nutriëntenstromen. Zeegrassen hebben vooral voedingsstoffen nodig voor hun 
bladgroei. De bladeren bevinden zich in het dynamische kustwater, wat gemakkelijk kan leiden tot de 
export van losgeraakte bladeren en bladfragmenten, en dus tot het verlies van de daarin aanwezige 
nutriënten. Andere processen die bijdragen aan nutriëntenverlies zijn b.v. vraat, diffusie uit het 
sediment, exudatie uit levend en dood plantenmateriaal en, voor zover het stikstof betreft, 
denitrificatie. Zeegrasvelden kunnen alleen voortbestaan als dit verlies aan voedingsstoffen weer 
wordt aangevuld. Voor zeegrasvelden die voorkomen op de rifvlaktes van midden op zee gelegen 
tropische koraaleilanden is het niet duidelijk hoe dit gebeurt. Tot nog toe zijn er geen gegevens 
beschikbaar die inzicht geven in de nutriëntenbalans van dit type zeegrasvelden. Dit proefschrift 
beschrijft het verlies en hergebruik van stikstof en fosfor in dergelijke zeegrasvelden in de 
Spermonde Archipel, Zuid-Sulawesi, Indonesië. Het onderzoek heeft zich toegespitst op de
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zeegrassoort Thalassia hemprichii rond het koraaleiland Barang Lompo (Fig 1.1). Tevens 
verzamelde ik data van contrasterende locaties in Indonesië en van verschillende klimatologische 
regio’s in de wereld.
Hoofdstuk 2 beschrijft de export van koolstof (C), stikstof (N) en fosfor (P) in de vorm van 
drijvende bladeren en bladfragmenten uit een zeegrasvegetatie rond het ver op zee gelegen 
koraaleiland Langkai (Fig 1.1). Export naar open zee is gemeten met behulp van grote netten die 
loodrecht op de stroming werden neergezet. Export naar het eiland is bepaald nadat delen van het 
strand bij laag water waren schoongeveegd. Vervolgens werden deze vlakken bemonsterd bij het 
volgende laag water. De export van bladmateriaal bleek 11,6% van het totaal aan bladmateriaal 
geproduceerde drooggewicht te zijn. Dit kwam overeen met een verlies van 10,3% van de C, 10,3% 
van de N en 5,2% van de P, nodig voor de productie van de zeegrasbladeren. Het merendeel van de 
export geschiedde naar open zee.
Langkai is gelegen aan de rand van de Spermonde Archipel en wordt, vergeleken met vele andere 
onderzoekslocaties uit dit proefschrift, gekenmerkt door een relatief sterke stroming in één richting 
en een sterke branding. Het is hierdoor aannemelijk dat bladexport van een meer beschermd systeem, 
zoals Barang Lompo, kleiner is.
Grote delen van de zeegrasvelden op de meeste rifvlaktes van de koraaleilanden in de Spermonde 
Archipel bevinden zich in het intergetijdegebied en vallen daarom van tijd tot tijd droog. De rifvlakte 
van Barang Lompo valt tot 6 uren per etmaal droog op de dagen rond springtij (hoofdstuk 3). Het 
tijdstip waarop het extreem laag water is (overdag of ’s nachts) wordt bepaald door een jaarlijkse 
cyclus. In de periode januari - juni 1993 viel de rifvlakte alleen ’s nachts droog, terwijl in de periode 
juli - december 1993 extreem laag water altijd overdag plaatsvond. In hoofdstuk 3 is het verloop 
beschreven van de blad- en rhizoombiomassa’s en hun C-, N- en P-gehaltes gedurende de periode 
juli - december 1993 waarin het zeegrasveld overdag droogvalt en de daarop volgende periode 
waarin droogval weer alleen ’s nachts plaatsvindt.
De biomassa’s van bladeren en rhizomen daalden met respectievelijk 61 en 37% in de periode van 
droogval overdag. Een verlies van C, N en P van het bladcompartiment werd hoofdzakelijk 
veroorzaakt door de achteruitgang van de bladbiomassa. Het verlies van C uit de rhizomen (43%) 
kan vermoedelijk worden toegeschreven aan het mobiliseren van koolhydraten die werden gebruikt 
bij de hergroei van de bladbiomassa. In de eropvolgende periode waarin droogval alleen ’s nachts 
plaatsvond trad er een snel herstel op van biomassa’s en nutriëntengehaltes, hetgeen suggereert dat 
er geen belangrijke nutriëntenverarming van het systeem heeft plaatsgevonden.
Opvallend genoeg trad er geen verandering op in de gezamenlijke hoeveelheid stikstof in de 
rhizomen en de bladeren gedurende de periode van droogval overdag. Het verlies van bladstikstof 
(49%) werd gecompenseerd door een toename (46%) van het N-gehalte in de rhizomen. De totale 
hoeveelheid P nam echter met 34% af, hetgeen kon worden toegeschreven aan het verlies van 
bladbiomassa. Een verklaring voor dit verschil zou kunnen zijn dat bladdetritus dat ontstaat na het 
afsterven van bladeren tijdens de periode van droogval overdag, voornamelijk binnen het systeem 
wordt vastgehouden en afgebroken. Fosfaat is een molecuul dat zich sterk hecht aan 
carbonaatsediment. De rifvlakte van Barang Lompo bestaat voor bijna 100% uit carbonaat. Het 
geregenereerde fosfaat zou dus weleens snel kunnen worden ’weggevangen’ uit het bodemwater 
voordat het beschikbaar komt voor opname door de plantenwortels. N bindt zich niet sterk aan het
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carbonaatsediment en kan dus veel makkelijker worden opgenomen. Een alternatieve verklaring is 
dat de balans tussen processen die een rol spelen in de N-cyclus wellicht verschuift. Het afsterven 
van een groot gedeelte van de bladeren resulteert waarschijnlijk in een verminderde afgifte van 
zuurstof en organische verbindingen door de wortels in de bodem, hetgeen de verhouding tussen 
nitrificatie, denitrificatie en N2-fixatie aanzienlijk kan beïnvloeden. Door een geringere denitrificatie 
en/of een hogere N2-fixatie komt er meer stikstof beschikbaar voor opname door de wortels, hetgeen 
het stikstofverlies, dat veroorzaakt wordt door de afname van de bladbiomassa, zou kunnen 
compenseren.
Aan de dynamiek van het zeegrassysteem draagt ook een scala aan biologische interacties bij. De 
activiteiten van gravende pistoolgarnalen (Alpheus spp.) die beschreven worden in hoofdstuk 4 is 
slechts één voorbeeld van de voorkomende interacties. Benthische fauna kan een aanzienlijke invloed 
hebben op de nutriëntendynamiek van het zeegrasoecosysteem door de reallocatie van voedings­
stoffen van het blad - naar het wortelcompartiment en viceversa.
Waarnemingen bij Barang Lompo lieten zien dat gravende pistoolgarnalen 53% van de 
geproduceerde bladbiomassa van Thalassia hemprichii kunnen oogsten. Dit kwam overeen met 53% 
van de C, 45% van de N en 46% van de P, nodig voor de productie van de zeegrasbladeren.
Geoogst bladmateriaal, opgepakt van het sediment uit de omgeving van een garnalenholletje of 
afgeknipt van een levende zeegrasplant, wordt door de garnalen opgeslagen in ondergrondse kamers 
en gangen. Als gevolg van biogene sedimentomwoeling en graafactiviteiten raakt het 
zeegrasmateriaal dat aanvankelijk op het sediment ligt, bedolven. Alhoewel het nettoresultaat van 
graafactiviteiten en het oogsten van bladmateriaal op de benthisch-pelagische nutriëntenstromen 
onduidelijk blijft door het gelijktijdig optreden van verschillende en aan elkaar tegengestelde effecten, 
wordt door het begraven van bladmateriaal de export ervan in ieder geval gedeeltelijk voorkomen, 
wat zou kunnen bijdragen tot het vasthouden van voedingsstoffen binnen het systeem.
Nutriëntenresorptie is een mechanisme dat bijdraagt aan het vasthouden van voedingsstoffen 
binnen de plant. Intern hergebruik verlaagt de afhankelijkheid van de plant van extern aangevoerde 
nutriënten en kan dus van aanzienlijk belang zijn in een nutriëntenarme omgeving. Hoofdstuk 5 
beschrijft de resorptie-efficiëntie van C, N en P uit de bladeren van een aantal zeegrassoorten uit 
verschillende klimatologische regio’s (de tropen, het Middellandse Zeegebied en de gematigde 
streken).
C werd niet geresorbeerd uit de bladeren van de onderzochte zeegrassen. De N-resorptie- 
efficiëntie van intacte zeegrasbladeren varieerde tussen de 3,8 en 29% (gemiddeld 15%), terwijl de 
resorptie-efficiëntie voor P varieerde tussen de 0 en 51% (gemiddeld 21%). Er was geen significant 
verschil in resorptie-efficiëntie tussen zeegrasbladeren met een relatief hoge en die met een relatief 
lage nutriëntenconcentratie (concentraties die duiden op een respectievelijk hoge en lage 
nutriëntenbeschikbaarheid). Vergelijkingen binnen de diverse soorten toonden aan dat er in een 
aantal gevallen wel een positieve relatie was tussen de resorptie-efficiëntie en de interne 
nutriëntenconcentratie.
Het vroegtijdige verlies van bladeren en bladfragmenten (b.v. door vraat) heeft een nadelige 
invloed op het resorptieproces. Als gevolg hiervan kon in de onderzochte Indonesische zeegrassen 
slechts tussen de 56 en 77% van de potentiële fysiologische resorptie daadwerkelijk worden 
gerealiseerd. Op basis van deze resultaten zijn we gekomen tot een globale schatting van het belang
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van de nutriëntenresorptie uit zeegrasbladeren: het resorptieproces kan de stikstof - en fosfor- 
behoefte voor bladproductie met respectievelijk ongeveer 10% en 15% reduceren. Interne resorptie 
speelt waarschijnlijk dus maar een kwantitatief beperkte rol in de nutriëntendynamiek van 
zeegrasplanten.
Bovenstaande conclusie betekent dat efficiënte nutriëntenopnamemechanismen waarschijnlijk 
belangrijk zijn voor zeegrassen. Zeegrassen hebben de mogelijkheid om nutriënten op te nemen uit 
zowel het bodemwater als uit de waterkolom. De opname van nutriënten door bladeren en wortels 
van Thalassia hemprichii is onderzocht in het laboratorium met planten van drie verschillende 
locaties, representatief voor de range van kust tot oceanische omstandigheden: Gusung Tallang (een 
modderbank aan de kust), Barang Lompo (een intermediaire locatie) en Langkai (oceanische 
condities) (Fig 1.1; hoofdstuk 6).
De bladeren van de planten van alledrie de locaties toonden een duidelijke opnamecapaciteit voor 
zowel ammonium als fosfaat. Bij natuurlijke omgevingsconcentraties van nutriënten in de waterlaag 
waren de bladeren van Thalassia hemprichii uit Gusung Tallang en Barang Lompo in staat om in de 
totale stikstofbehoefte van de plant te voorzien, terwijl de bladeren van de planten uit Langkai in 
50% van die behoefte konden voorzien. De opnamecapaciteit van de bladeren met betrekking tot 
fosfaat was veel geringer en dekte niet meer dan 30% van de totale fosforbehoefte van de plant. De 
opname van ammonium en fosfaat door de wortels werd gelimiteerd door diffusie van de nutriënten 
in het bodemwater. Bij natuurlijke omgevingsconcentraties van nutriënten in het bodemwater waren 
de wortels van de planten van alledrie de locaties in staat om in de totale N-behoefte van de plant te 
voorzien en, behalve in Gusung Tallang, ook in de totale P-behoefte. Voor P-opname zouden de 
bladeren van de planten uit Gusung Tallang een essentiële rol kunnen spelen. Er zijn aanwijzingen 
gevonden dat de relatieve beschikbaarheid van nutriënten in de waterlaag en in het poriewater de 
mate van opname door de bladeren beïnvloedt. De voornaamste conclusie uit dit hoofdstuk is dat 
bladeren van zeegrassen zelfs in de tropen, waar nutriëntenconcentraties in de waterlaag vaak erg 
gering zijn, een duidelijke vermogen hebben om ammonium en fosfaat op te nemen.
Hoofdstuk 7 beschrijft de stikstofdynamiek van het Thalassia hemprichii zeegrasbed van Barang 
Lompo, waarbij gebruik is gemaakt van de stabiele stikstofisotoop 15N als ’tracer’. Er is gebruik 
gemaakt van de opnamecapaciteit van de bladeren van Thalassia hemprichii om de scheuten in 1 m2 
proefveldjes te ’pulse-labelen’ door middel van blootstelling aan een verhoogde 15N-ammonium 
concentratie in het water. De 15N-gehaltes in de verschillende compartimenten van de veldjes 
(bladeren, wortels en rhizomen, en detritus) zijn vervolgens in de tijd gevolgd. Met wiskundige 
modellen is daarna de 15N-dynamiek van het systeem beschreven.
De halfwaardetijd van de 15N in de bladeren bedroeg slechts 15 dagen. Van de 15N die uit de 
bladeren verloren ging werd 3,3% in de wortels en rhizomen teruggevonden. De rest van het verlies 
uit de bladeren was het gevolg van bladfragmentatie. Van deze fragmenten werd 32% binnen de 
grenzen van de proefveldjes teruggevonden en 25% bezonk buiten die grenzen, maar binnen de 
grenzen van het zeegrasveld. Van de resterende 43% werd waarschijnlijk een deel geëxporteerd en 
een ander deel geoogst door pistoolgarnalen. De halfwaardetijd van 15N binnen de grenzen van de 
proefveldjes was 1 tot 2 maanden. De tendens was dat 15N accumuleerde in compartimenten van 
waaruit het niet gemakkelijk geëxporteerd kon worden of in meer decompositieresistente fracties. Na 
240 dagen resteerde nog maar 6,6% van de initiële 15N-verrijking: 1,1% in de bladeren, 2,3% in
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wortels en rhizomen en 3,2% in detritus. De totale stikstofbehoefte van Thalassia hemprichii was 
33.3 g m-2 j-1. Bladeren namen 3,4 g N m-2 j-1 op, terwijl een veel grotere hoeveelheid, 21,4 g N m-2 
j-1, door de wortels werd opgenomen. Oudere, niet meer groeiende bladeren, namen ook stikstof op 
uit de waterlaag. Nieuw opgenomen stikstof en ’oud’ stikstof werd vanuit deze bladeren naar jonge 
bladeren en naar wortels en rhizomen getranslokeerd. Het verschil tussen de N-behoefte en de totale 
N-opname, 8,5 g m-2 j-1, is de hoeveelheid stikstof die intern wordt hergebruikt. De geringe 
stikstofretentie in de Thalassia hemprichii proefveldjes is waarschijnlijk een combinatie van een 
aantal processen. Het grootste deel van het opgenomen stikstof wordt voor bladproductie gebruikt 
(90% van de totale biomassa productie). Er wordt vervolgens maar een beperkte gedeelte van dit 
stikstof geresorbeerd uit oude, afstervende bladeren (26% van de totale N-behoefte). Het meeste 
stikstof komt dus terecht in bladdetritus dat in de dynamische waterkolom snel kan worden 
meegevoerd. Deze resultaten suggereren dat de hypothese dat Indonesische zeegrasvelden 
zelfvoorzienend zouden zijn wat betreft nutriënten niet juist is. De mogelijkheid dat losgeraakte 
bladfragmenten binnen het zeegrassysteem worden vastgehouden of dat opgeloste voedingsstoffen 
vanuit de waterlaag opnieuw worden opgenomen is echter waarschijnlijk wel groter in uitgestrekte 
zeegrasvelden dan in kleine veldjes. Dit voegt een nieuw element toe aan onze kennis over de 
overlevingskansen van kleine zeegrasveldjes. Met name in nutriëntenarme situaties zouden de kansen 
voor het voortbestaan van zeegrasvelden groter kunnen zijn naar mate de vegetaties uitgestrekter 
zijn.
De resultaten uit de voorgaande hoofdstukken zijn uiteindelijk geëvalueerd en samengebracht in 
hoofdstuk 8. De getallen voor bladproductie en - fragmentatie, depositie, export en oogst van 
bladfragmenten, interne nutriëntenrecirculatie en nutriëntenopname, resulteren in een diagram voor 
de stikstof - en fosforstroom. Verreweg de meeste nutriënten die verloren gaan door 
bladfragmentatie komen in o f op het sediment terecht, hetzij door depositie, hetzij door blad 
oogstende pistoolgarnalen. Een aanzienlijk gedeelte van het gesedimenteerde stikstof in 
bladfragmenten (80%) wordt waarschijnlijk gedenitrificeerd. De resterende 20% komt vrij in de 
waterlaag, waarschijnlijk samen met een groot gedeelte van het stikstof dat is geregenereerd uit 
detritus in het gangenstelsel van de pistoolgarnalen en dat door middel van bioventilatie naar buiten 
wordt gepompt. Het merendeel van de N-behoefte van het zeegras wordt echter door de wortels 
opgenomen (zie hoofdstuk 7). Dit houdt in dat er voor het sediment een aanzienlijke alternatieve 
stikstofbron moet zijn, die waarschijnlijk voor het merendeel voortkomt uit N2-fixatie. Vermoedelijk 
door verschillen in microbiële processen die een rol spelen in de N- en P-cycli, is de ratio tussen de 
concentraties in de waterlaag en in het poriewater voor fosfaat hoger dan voor ammonium (zie 
hoofdstuk 6). Waarschijnlijk hierdoor is het aandeel van de bladeren in de totale 
nutriëntenvoorziening groter voor fosfor dan voor stikstof. Een belangrijke rol van de bladeren is 
waarschijnlijk die van het invangen van ’nieuwe’ nutriënten die uit externe bronnen worden 
aangevoerd in de waterlaag, waardoor nutriëntenverliezen kunnen worden gecompenseerd. Bladeren 
kunnen echter ook een rol spelen bij het opnieuw opnemen van nutriënten die zijn vrijgekomen bij de 
afbraak van dood zeegrasmateriaal en vervolgens terecht zijn gekomen in de waterlaag. Deze rol, 
waarbij het verlies van nutriënten wordt beperkt, zou wel eens van essentieel belang kunnen zijn voor 
zeegrasvelden in nutriëntenarme systemen.
Niet alle aspecten van de nutriëntenbalans in Indonesische zeegrasvelden zijn in dit proefschrift 
bediscussieerd. Nutriëntenverlies door exudatie uit levende plantendelen of export door herbivoren
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en de input van nutriënten door sedimentatieprocessen zijn niet onderzocht. Deze processen worden 
echter beschouwd als minder relevant dan de processen die wel zijn onderzocht. Twee aspecten die 
waarschijnlijk wél belangrijk zijn voor de N-dynamiek in de onderzochte zeegrasvelden, denitrificatie 
en N2-fixatie, zijn ook niet beschouwd. Tot nog toe zijn er geen kwantitatieve waarden beschikbaar 
voor deze processen in Indonesische zeegrasvelden. Het verdient aanbeveling om hieraan in de 
toekomst speciale aandacht te schenken.
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RINGKASAN
Lamun (seagrass) adalah tanaman laut berbenih dan berakar yang tumbuh dalam perairan dangkal 
di seluruh dunia. Habitat lamun terbentang dari daerah antara air pasang dan surut sampai kedalaman 
sekitar 40 m. Padang lamun sering diangkat sebagai komponen penting di daerah laut pantai. Dengan 
keseluruhan akar-akar dan daun-daunnya, lamun mencegah erosi pantai dan merupakan daerah 
pengendapan penting bagi partikel-partikel pasir dan partikel-partikel organis. Produktivitas lamun 
sangat tinggi dan lamun mendasari rantai makanan yang rumit. Daun dan tangkainya merupakan 
tempat berlindung dan tempat pembibitan bagi bermacam-macam ikan dan binatang kerang-kerangan 
(termasuk jenis-jenis yang bernilai ekonimis). Oleh karena pengusahaan sistim alam yang tidak 
bijaksana, luas ladang lamun di seluruh dunia berkurang.
Perkembangan lamun di daerah tropis, terutama di Asia Tenggara, paling kaya. Sekarang ini, 
perkembangan ekonomi di Asia Tenggara sangat cepat. Kawasan yang berpenduduk banyak ini 
dengan beribu-ribu pulau, mempunyai garis pantai yang sangat luas dan cocok untuk pertumbuhan 
lamun. Perkembangan industri yang tidak terkontrol di daerah pantai ini, dikarenakan untuk 
mencukupi kebutuhan sehari-hari penduduk yang berkembang cepat, merupakan ancaman bagi 
ekosistim lamun. Ini mendatangkan eksploatasi yang berlebihan dan polusi daerah pantai dan reduksi 
luas ladang lamun. Pengetahuan tentang lamun di Asia Tenggara masih kurang. Sebagian besar 
informasi lamun tropis berasal dari kawasan Karibi, waulaupun keanekaragaman jenis lamun lebih 
besar di kawasan Indo-Pasifik. Usaha dari ilmu pengetauan diperlukan untuk meningkatkan informasi 
bagi sistim habitat lamun di kawasan dunia yang terancam oleh karena perkembangan cepat aktifitas 
manusia. Tesis ini adalah bagian dari usaha itu.
Padang lamun di Indonesia yang beranekaragam jenisnya memproduksi bahan organis bruto 
tinggi. Hubungan antara proses konsumsi dan proses produksi kira-kira seimbang. Penimbunanan 
tanaman yang telah mati hampir tidak terjadi. Tidak ada petunjuk bahwa zat lemas (N) atau zat 
pospor (P) membatasi pertumbuhan lamun, walaupun persediaan zat makanan (nutrien) rendah. Ini 
menghasilkan dugaan bahwa padang lamun Indonesia yang kebanyakan dapat mengurus 
pemeliharaannya sendiri dan kebanyakan nutrien di simpan dalam biomassa tanaman lamun itu sendiri 
dan disirkulasikan kembali secara efisien. Karena habitat lamun (perairan pantai dangkal) begitu 
dinamis, padang lamun dapat dilihat sebagai sistim yang terbuka yang bertalian dengan arus nutrien. 
Kebanyakan nutrien yang diperlu untuk pertumbuhan lamun tropis dialirkan ke seluruh daun. 
Kehidupan daun-daun itu di perairan pantai yang dinamis, memudahkan pengeksporan daun yang 
masih atau yang tidak utuh dan karena itu nutrien yang membentuk daun ikut hilang. Untuk 
kelanjutan hidup padang lamun, nutrien yang telah hilang harus diganti. Untuk padang di sekitar 
pulau karang di daerah tropis sering tidak jelas bagaimana nutrien yang telah hilang diganti kembali. 
Sampai sekarang ini belum ada tersedianya data-data tentang kehilangan dan penggantian kembali 
nutrien pada padang lamun semacam ini. Tesis ini menyajikan hasil penelitian tentang kehilangan dan 
sirkulasi kembali zat lemas (N) dan zat pospor (P) dalam padang lamun di kepulauan Spermonde, 
Sulawesi Selatan, Indonesia: Riset ini memfokuskan jenis Thalassia hemprichii di sekitar pulau 
Barang Lompo (Fig. 1.1). Data-data juga dikumpulkan dari lokasi-lokasi yang berbeda-beda di 
Indonesia dan dari tempat-tempat di luar Indonesia yang iklimnya lain.
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Bab 2 memperlihatkan pengeksporan zat arang (C), zat lemas (N) dan zat pospor (P) dalam 
bentuk daun yang telah terlepas dan terapung, dari padang lamun di sekeliling pulau karang Langkai 
yang terletak jauh dari pantai darat (Fig. 1.1). Pengeksporan ke laut lepas diukur dangan jala besar 
yang disimpan dalam padang lamun yang pintunya menghadap ke aliran air. Untuk memeriksa 
pengeksporan daun yang terdampar ke pantai pulau, daratan-daratan pantai dibersihkan pada waktu 
air surut. Daun-daun yang baru terdampar akan diambil pada waktu air surut berikutnya. 
Pengeksporan daun lamun merupakan 11,6% dari jumlah produksi daun. Ini sesuai dengan hilangnya 
10,3% C, 10,3% N and 5,2% P yang diperlukan daun untuk melanjutkan produksinya. Kebanyakan 
dari jumlah pengeksporan dialirkan ke laut lepas. Pulau Langkai yang terletak di pinggir kepulauan 
Spermonde mempunyai perbedaan lokasi-lokasi riset yang tertera dalam tesis ini. Langkai 
mempunyai arus air yang relatif deras, mengalir satu arah dan ombaknya yang relatif tinggi, yang 
diperkirakan pengeksporan daun-daun lebih besar dibanding dengan lokasi Barang Lompo yang arus 
airnya lebih tenang.
Sebagian besar padang lamun yang berada di sekitar pulau karang yang terletak di kepulauan 
Spermonde dapat dijumpai di lokasi antara air pasang dan air surut. Oleh karena itu, penyembulan 
padang lamun terjadi pada waktu-waktu tertentu. Di Barang Lompo, lamun tersembul pada waktu 
air surut bulan purnama dan air surut bulan mati. Saat air surut sedangkal ini (siang ataupun malam 
hari) disebabkan siklus pertahun. Dalam periode Januari - Juni, lamun di Barang Lompo hanya 
tersembul di malam hari, sedang dalam periode Juli - Desember penyembulan lamun hanya terjadi di 
siang hari. Bab 3 menjelaskan tentang apa yang terjadi pada tumbuhan lamun dalam musim 
penyembulan di siang hari. Dalam riset ini, biomassa daun dan rhizoom (akar besar yang berbentuk 
batang) dan kadar-kadarnya C, N dan P, diukur selama musim penyimbulan siang hari dan periode 
perbaikan berikutnya. Biomassa daun merendah 61% dan biomassa rhizoom merendah 37% selama 
musim penyimbulan siang hari. Kehilangan C, N dan P dalam kompartimen daun disebabkan oleh 
penurunan biomassa daun-daun. Kehilangan C (43%) dalam kompartimen rhizoom disebabkan 
karena mobilisasi zat arang untuk perbaikan biomassa daun. Dalam periode penyembulan malam hari 
yang berikut, biomassa dan nutrien Thalassia hemprichii kembali ke dalam situasi semula. Ini berarti 
kadar nutrien sistim lamun tidak mengalami kekurangan yang penting.
Selama musim penyembulan siang hari, kadar zat N daun dan rhizoom tidak mengalami suatu 
perubahan, maka kehilangan zat N daun (49%) seimbang dengan kenaikan (46%) kadar zat N dalam 
rhizoom. Tetapi, hasil penjumlahan kadar P berkurang (34%) yang disebabkan oleh kehilangan 
biomassa daun. Pernyataan perbedaan ini mungkin karena daun yang telah terlepas terendap dalam 
sistim lamun. Fosfat adalah sebuah molekul yang diserap kuat oleh sedimen karbonat yang 
merupakan hampir 100% sedimen dari padang lamun di Barang Lompo. Jadi, fosfat yang dibebaskan 
oleh proses dekomposisi mungkin diserap oleh sedimen dan tidak ada kesempatan akar-akar lamun 
untuk mengambil nutriennya. Zat N tidak diserap kuat oleh sedimen karbonat, jadi lebih mudah 
diambil oleh akar-akar. Pernyataan yang lain bisa ditemukan dalam penggantian proses yang 
mengkontrol sirkulasi zat N. Oleh karena kehilangan sebagian besar daun lamun, eksudasi oksigen 
dan bahan organis oleh akar dalam sedimen berkurang. Proses sirkulasi zat N seperti nitrifikasi (NH4+ 
®  NO3-), denitrifikasi (NO3- ®  N2) dan N2-fiksasi (N2 ®  NH4+), sangat tergantung pada konsentrasi 
oksigen dan substrat organis. Oleh karena denitrifikasi yang berkurang dan/atau N2-fiksasi yang 
berkembang, persediaan zat N naik, maka akar-akar bisa mengambil zat N lebih banyak. Ini bisa 
mengimbangi hilangnya zat N yang disebabkan oleh hilangnya daun-daun.
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Berbagai interaksi biologis juga menyokong dinamik sistim perairan pantai tidak. Riset mengenai 
aktivitas ‘alpheid shrimps’ (semacam udang penggali sedimen; bab 4) hanya merupakan salah satu 
contoh dari interaksi biologis. Fauna yang berada dalam sedimen Barang Lompo bisa sangat 
mempengaruhi dinamik nutrient ekosistim lamun malalui alokasi pemindahan zat nutrien dari 
kompartimen daun ke kompartimen akar dan sebaliknya. Pengamatan udang tersebut 
memperlihatkan mereka bisa mengambil 53% dari hasil produksi biomassa daun lamun. Ini sesuai 
dengan 53% C, 45% N dan 46% P yang diperlukan daun untuk melanjutkan produksinya. Potongan- 
potongan daun mati yang diambil udang dari sedimen di sekitar lubangnya dan potongan-potongan 
daun yang dipetik udang dari lamun yang masih hidup disimpan dalam bawa tanah di ruangan yang 
berongga yang kedalamannya bisa mencapai 30 cm. Oleh karena aktivitas penggalian dan 
pencampuran padat sedimen, potongan-potongan lamun yang masih berada di muka sedimen juga 
dapat tertimbun. Oleh karena timbulnya beberapa efek yang bertentangan dengan efek yang lain pada 
waktu yang sama, hasil akhir dari aktivitas fauna sedimen bagi aliran nutrien anatara sedimen dan air 
tidak begitu jelas, tetapi karena aktivitas tersebut, pengeksporan potongan-potongan bahan organis 
berkurang, yang bisa menyokong pertahanan zat makanan dalam sistimnya.
Penyerapan kembali (resorpsi) nutrien yang efektif dari bagian tanaman yang tua, adalah sebuah 
cara yang membantu pertahanan zat makanan dalam tanaman itu sendiri. Penggunakan kembali 
nutrien intern mengurangi ketergantungan tanaman dari nutrien ekstern, yang fungsinya diperkirakan 
penting dalam habitat yang nutriennya kurang. Bab 5 memperlihatkan data-data efisiensi resorpsi zat 
C, N dan P dari berbagai jenis daun lamun yang ditemukan di daerah iklim tropis (Indonesia dan 
Kenia), subtropis (Spanyol) dan iklim sedang (Belanda). Zat C tidak diresorpsi dari daun-daun 
tanaman lamun yang diteliti. Efisiensi resorpsi zat N dari daun-daun lamun yang masih utuh berkisak 
antara 3,8 dan 29% (rata-ratanya 15%), sedangkan efisiensi resorpsi P berkisar antara 0 dan 51% 
(rata-ratanya 21%). Tidak ada perbedaan efisiensi resorpsi signifikan antara daun lamun yang 
konsentrasi nutrien intern tinggi (yang berarti persediaan nutrien ekstern tinggi) dan daun-daun yang 
konsentrasi nutrien intern rendah (yang berarti persediaan nutrien ekstern rengah). Tetapi, 
perbandingan dari suatu jenis lamun yang diambil di beberapa lokasi yang berbeda-beda 
memperlihatkan relasi positif antara efisiensi resorpsi dan konsentrasi nutrien intern. Terpotongnya 
sebagian atau keseluruhan dari daun, misalnya karena dimakan binatang sebelum umur dewasa, bisa 
mempengaruhi proses resorpsi. Oleh karena itu, jenis lamun Indonesia hanya bisa merealisasikan 
antara 56 sampai 77% dari kemampuan resorpsi fisiologis. Dengan hasil-hasil ini, kami mengusulkan 
nilai umum untuk resorpsi nutrien dari daun lamun: Resorpsi nutrien dari daun lamun bisa 
mengurangi keperluan nutrien ekstern untuk produksi daun dengan kira-kira 10% untuk zat N dan 
15% untuk zat P. Kesimpulannya, resorpsi intern dapat berperan penting dalam dinamik nutrien 
lamun, tetapi kepentingan kuantitatif mungkin terbatas.
Oleh karena keterbatasan kuantitatif sirkulasi kembali nutrien intern, berarti cara-cara 
pengambilan nutrien ekstern yang efisien penting bagi tanaman lamun. Tanaman lamun bisa 
mengambil nutrien baik dari air sedimen maupun dari air laut yang berada diatas padangnya. 
Pengambilan nutrien dengan daun dan akar diteliti dalam laboratorium dengan memakai Thalassia 
hemprichii sebagai bahan yang diambil dari 3 lokasi yang representatif untuk habitat lamun yang 
berbeda di kepulauan Spermonde: Gusung Tallang (beting lumpur yang terletak dekat pantai darat),
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Barang Lompo (pulau karang yang terletak pertengahan pantai darat dan pinggir kepulauan 
Spermonde) dan Langkai (pulau karang yang terletak di pinggir kepulauan Spermonde yang 
kondisinya oseanis) (Fig. 1.1; Bab 6). Daun-daun Thalassia hemprichii dari tiga lokasi tersebut 
memperlihatkan kemampuan yang jelas dalam pemgambilan baik ammonium maupun fosfat. Dengan 
kondisi konsentrasi nutrien alami dalam air laut, daun-daun Thalassia hemprichii di lokasi Gusung 
Tallang dan di Barang Lompo mampu mengambil keperluhan total zat N, dan di lokasi Langkai 50% 
dari keperluhan total zat N. Kapasitas untuk mengambil fosfat lebih rendah dan tidak lebih dari 30% 
dari keperluhan total zat P. Pengambilan zat ammonium dan fosfat oleh akar dibatas oleh kecepatan 
difusi nutrien lewat sedimen. Dengan kondisi konsentrasi nutrien alami dalam air sedimen, akar-akar 
Thalassia hemprichii dari ketiga lokasi, kecuali di lokasi Gusung Tallang, mampu mengambil 
keperluan total zat N dan P. Di Gusung Tallang, akar lamun saja mungkin tidak mampu mengambil 
keperluan jumlah zat P. Disini pengambilan zat P oleh daun mungkin penting. Ditemukan petunjuk- 
petunjuk bahwa perbandingan persediaan nutrien-nutrien di dalam air laut dan di dalam air sedimen 
mempengaruhi pengambilan nutrien-nutrien oleh daun-daun. Kesimpulannya, walaupun di daerah 
tropis yang konsentrasi nutrien air laut sering sangat rendah dibanding air sedimen, daun-daun lamun 
tetap mampu mengambil ammonium dan fosfat secara efisien.
Bab 7 menggambarkan dinamik zat lemas padang lamun Thalassia hemprichii di Barang Lompo. 
Riset ini mempergunakan isotop lemas yang stabil (15N) sebagai ‘tracer’. Kemampuan daun untuk 
mengambil ammonium digunakan untuk menambah kadar 15N intern Thalassia hemprichii. Untuk 
menambah kadar ini, diadakan tiga lapangan-lapangan penelitian (1 m2) yang berpagar dan berpeti 
dengan bagian atasnya terbuka. Selanjutnya, isi diperkaya dengan 15N-ammonium dan daun-daun 
diberi kesempatan untuk menyerap 15N-ammonium selama 3 - 4 jam, lalu pagarnya dibuka kembali. 
Kadar 15N dalam kompartimen daun, akar dan detritus (bahan organis yang mati) diteliti selama 240 
hari. Model-model matematika digunakan untuk menggambarkan dinamik 15N dalam sistim lamun. 
Kehilangan 15N dari daun-daun terjadi secara cepat: setiap 15 hari, kadar 15N dikurangi setengah. 
Hanya 3,3% kehilangan jumlah 15N dari daun ditemukan kembali dalam akar dan rhizoom. 
Kehilangan 15N lainnya dari daun disebabkan karena terlepasnya bahan-bahan daun. Dari kadar 15N 
dalam bahan daun yang terlepas ini, 32% ditemukan kambali dalam lapangan penelitian sendiri dan 
25% mengendap diluar lapangan ini, tetapi dalam lingkaran sistim lamun. Dari 43% lainnya, sebagian 
diekspor dan sebagian diambil udang-udang (alpheid shrimps). Waktu pengurangan setengah kadar 
15N di lapangan-lapangan penelitian diperlukan waktu 1 sampai 2 bulan. Kecenderungannya 15N 
adalah akumulasi dalam kompartimen yang pengeksporan isinya tidak begitu gampang atau dalam 
bagian dari detritus yang dekomposisinya lebih lambat. Sesudah 240 hari eksperimen sisa kadar 15N 
hanya 6,6%, yang mana: 1,1% dalam daun-daun, 2,3% dalam akar dan rhizoom dan 3,2% dalam 
detritus. Keperluan total zat N Thalassia hemprichii 33,3 g m-2 th-1. Daun-daun mengambil, 3,4 g N 
m-2 th-1, sedangkan akar-akar ambil jauh lebih banyak: 21.4 g N m-2 th-1 (pengambilan total daun dan 
akar: 24,8 g N m-2 th-1). Daun-daun tua yang tidak berkembang lagi melanjutkan pengambilan zat N 
dari air laut. Zat N yang baru diambil ini bersama-sama zat N yang ‘tua’ ditranspor ke daun yang 
mudah dan ke akar dan rhizoom. Perbedaan keperluan dan pengambilan total zat N, yaitu 8,5 g m-2 
th-1, representatif untuk kebanyakan zat N yang diresorpsi kembali intern. Retensi zat N dalam 
padang-padang penelitian Thalassia hemprichii yang terbatas, diduga karena kombinasi beberapa 
proses-proses. Bagian terbesar dari pengambilan zat N digunakan untuk produksi daun (90% dari 
produksi total lamun). Kemudian, hanya bagian kecil dari zat N ini diresorpsi dari daun-daun tua
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(26% dari keperluhan total N). Jadi, kebanyakan zat N ikut hilang bersama detritus daun yang bisa 
diekspor oleh arus air laut. Hasil-hasil ini menimbulkan pikiran bahwa dugaan tentang padang lamun 
Indonesia yang dapat mengurus pemeliharaanya sendiri tidak benar mengenai zat makanan. 
Kemungkinan potongan-potongan daun yang terlepas tertahan dalam sistim lamun atau untuk 
mengambil kembali zat makanan yang dilarut dalam air laut diatas padang lamun agaknya lebih besar 
dalam padang lamun yang luas dibandingkan padang yang kecil. Ini menambah elemen baru bagi 
pengetahuan tentang kemungkinan kelangsungan hidup padang lamun yang kecil. Terutama dalam 
situasi kemiskinan zat makanan, kemungkinan untuk kelanjutan hidup padang lamun lebih besar jika 
padang pertumbuhan tanaman lebih luas.
Hasil-hasil penelitian dari bab-bab dahulu akhirnya dievaluasi dan dibahas dalam bab 8. Angka- 
angka untuk produksi dan fragmentasi daun, pengendapan, pengeksporan dan pengambilan bahan- 
bahan daun, sirkulasi kembali intern, dan pengambilan nutrien, menghasilkan bagan pengaliran zat 
lemas dan zat pospor. Kebanyakan nutrien yang hilang dikarenakan oleh terlepasnya bahan daun, 
mengendap pada permukaan sedimen atau diambil udang-udang. Bagian yang penting dari zat N 
dalam endapan daun-daun (80%) agaknya didenitrifikasi. Bagian lainnya (20%) dibebaskan dalam 
aliran air laut oleh proses dekomposisi bahan lamun, bersamaan dengan bagian besar dari zat N yang 
dibebaskan dari detritus dalam sistim geronggang udang dan diventilasikan keluar secara biologis. 
Oleh karena kebanyakan keperluhan jumlah zat N diambil akar (lihat bab 7), berarti harus ada sumur 
penting yang lain untuk zat N dalam sedimen, yang kemungkinan besar disebabkan oleh N2-fiksasi. 
Perbedaan proses-proses mikrobiologis yang berperan dalam siklus zat N dan zat P mungkin 
mengakibatkan bahwa perbandingan antara konsentrasi dalam air laut dan dalam air sedimen bagi 
pospat lebih tinggi daripada bagi ammonium (lihat bab 6). Mungkin karena itu bagian dari jumlah 
persediaan zat makanan yang diambil oleh daun-daun lebih besar untuk zat P daripada zat N. Fungsi 
daun-daun yang penting agaknya menangkap nutrien-nutrien yang didatangkan lewat aliran air laut 
dari sumur ekstern untuk mengkompensasikan kehilangan zat makanan. Daun-daun mungkin juga 
berperan penting dalam proses pengambilan kembali zat makanan yang dibebaskan oleh proses 
dekomposisi bahan lamun yang mati dan kemudian dilepaskan dalam aliran air laut. Fungsi ini, yang 
mana mungurangi kehilangan nutrien mungkin memang penting bagi padang lamun dalam sistim yang 
konsentrasi nutrien rendah.
Tidak semua aspek keseimbangan nutrien sistim lamun Indonesia diteliti dalam tesis ini. 
Kehilangan nutrien karena eksudasi dari bagian lamun yang masih hidup atau karena dimakan 
binatang, serta pengimporan nutrien dalam pengendapan bahan-bahan luar, tidak diselidiki. Proses- 
proses itu dinilai kurang penting bagi padang lamun dalam tesis ini dibandingkan dengan proses yang 
diteliti ini. Dua aspek yang dipikirkan penting bagi sistim lamun, yaitu denitrifikasi dan N2-fiksasi, 
juga tidak diteliti. Sampai sekarang ini belum ada tersedia data-data kuantitatif untuk proses sirkulasi 
N mikrobiologis bagi padang lamun Indonesia. Untuk proses ini patut mendapat perhatian khusus 
dalam penelitian selanjutnya.
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